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Abstract
Due to the growing concerns over the use of organic solvents for spray coatings, carbon 
dioxide has been used as a supercritical fluid for studies of spray coatings in this project. The 
aim of this project was to synthesise copolymers of methyl methacrylate and 
poly(dimethylsiloxane) monomethacrylate (PDMS-mMA) macromonomer, for use as 
dispersion stabilisers to re-disperse preformed poly(methyl methacrylate) (PMMA) in 
supercritical carbon dioxide (scCC/) that can subsequently be used in spray coatings. The 
PDMS-mMA macromonomers of different molar masses, 10, 5, and 2 kg have been 
successful in synthesising copolymer stabilisers (PDMS-mMA/PMMA) in which 
concentrations of the macromonomers was varied from 5 wt%-50 wt% (wrt monomer) in the 
copolymer.
PDMS-mMA/PMMA have also been used to carry out stirred and non-stirred polymerisation 
in SCCO2. The products from the polymerisations have been analysed by scanning electron 
microscopy (SEM) and !H NMR spectroscopy. Non-stirred polymerisations with stabilisers 
containing a molar mass of 10 kg at 0.5% stabiliser concentration and 5% macromonomer 
concentration in the copolymer stabiliser have proved to be most efficient.
Commercial stabilisers such as Krytox (157 FSL, DuPont) and Galden (HT55, Ausimont) and 
PDMS-mMA/PMMA have been used as dispersion stabiliser for re-dispersion of preformed 
PMMA in SCCO2. Re-dispersed PMMA particles containing the stabilisers Krytox and 
Galden were analysed by 13C NMR, 19F NMR spectroscopy and EDX analyses. Products 
containing PDMS-mMA/PMMA stabilisers were analysed by ]H NMR and 29Si NMR
spectroscopy and EDX analyses. This re-dispersion process was not successful with any of 
the stabilisers, but some stabilisers have been successful in coating the PMMA particles.
Macromonomer grafting was carried out in scCC>2 with preformed PMMA and PDMS-mMA 
macromonomer with a molar mass of 10 kg by free radical polymerisation where AIBN was 
used as an initiator. NMR analysis was performed to analyse the products from this 
process, which shows the presence of the proton containing silicon group (Si-CHa) in 
products containing 10% AIBN, 50% PDMS-mMA (wt% PMMA) and 5% AIBN, 50% 
PDMS-mMA (wt% PMMA).
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project.
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Introduction
C H A P T E R  1
1.1 Introduction To Supercritical Fluids
Recently there has been a growing concern over industries emitting volatile organic 
compounds in to the atmosphere. Due to the increasing legislation to reduce waste output 
there has been a greater demand for cleaner alternatives to conventional solvents. The 
need to limit solvent emissions during coating processes has led Union Carbide and 
Nordson to develop a process (the ‘UniCarb’ process) for spray coating substrates from a 
supercritical (sc) fluid medium such as carbon dioxide1. Supercritical fluids have been 
explored as solvent systems for use in polymer science such as polymerisation2'4, 
supercritical extraction5’6, powder formation by a variety of supercritical techniques 
(rapid expansion of supercritical solutions)7, precipitation by supercritical anti-solvents5, 
and impregnation of polymers8 and in engineering. Supercritical carbon dioxide (scCCh) 
'has been used as a polymerisation medium for the past ten years1. Sc fluids have been 
used instead of organic solvents to reduce the atmospheric pollution that is generated by 
certain industries.
1.1.1 What are Supercritical Fluids?
Supercritical fluids have properties that are intermediate between those of a gas and a 
liquid. A supercritical fluid is defined as having temperature and pressure which are 
higher than its critical values and the density is close to or higher than its critical density 
(for CO2:- Tc: 31.1°C, Pc: 73.8 bar, p: 0.47 g cm’3)9,10. When the critical point is reached 
the gas and the liquid phases merge together and become indistinguishable9. Figure 1.1 
shows how a substance reaches the supercritical region.
7
Temperature
Fisure 1.1: Phase diasram o f a pure substance9 
(Note: TP - Triple point)
(c)
Fisure 1.2: Behaviour o f Supercritical Fluids9 
(a) liquid meniscus with a vapour above it. (b) the meniscus becomins faint and diffuse 
as the temperature increases and critical temperature is reached, (c) above the critical
temperature there is only one phase11
8
The liquid-lilce densities of supercritical fluids allow the solvation of many compounds. 
The solvent strength may be varied when the temperature is above Tc (critical 
temperature) with a small change in temperature and pressure. One advantage of using 
sc fluids is that density can be tuned by varying pressure and temperature12’13. Figure 1.2 
shows the interesting behaviour of supercritical fluids.
1.1.2 History o f Supercritical Fluids
The solvent properties of sc fluids are known to have been first recorded over one 
hundred years ago9’14. Early in the nineteenth century Baron Charles Cagniard de La- 
Tour, an experimental physicist in France discovered supercritical fluids15, hi 1822 
Baron Cagniard de LaTour proved the existence of the critical point by testing the 
theories of Denys Papin15. A  lot of research has been carried out by many scientists since 
then and Thomas Andrews16’17,18 introduced the term ‘critical point’, after he thoroughly 
studied C 0 2 and described the true nature of the supercritical state. In the early 1960’s 
Kurt Zosel19 from MaxPlanclc- Institute started the trend with supercritical carbon dioxide 
for natural product extraction. Supercritical C 0 2 has been used for extraction of caffeine 
from green coffee beans and of hops aroma since 197514. 
Plants for decaffeinating coffee beans was built in Germany, and several plants for 
extracting hops and spices were built in Germany, France, UK, and USA.
9
1.1.3 Why Use CO ? as a Supercritical F luid?
Unlike hydrocarbon based polymers, amorphous fluorinated polymers (and their 
copolymers with >50% fluorinated monomer) and silicone-based polymers are soluble in 
this environmentally benign solvent20. The low critical temperature (Tc= 31.1°C) and 
pressure (Pc= 73.9 bar) of C 0 2 are easily achieved, which enhances the applications of 
this well-known gas as a compressible solvent with an inherently low solution viscosity 
for homo-and copolymerisations. C 0 2 is an effectively inert medium for free radical 
polymerisation, which has a major economical advantage of the elimination of complex 
solvent purification processes, that offers substantial energy savings when considering 
the relative ease with which solvent can be separated from the product20.
Category Advantage Which SCFs" ......................
Environment do not contribute to smog most
' fa ■ ft” do not damage ozone layer most
no acute ecotoxicity co2, h 2o
no liquid wastes C 02 and other volatile SCFs
Health and safety noncarcinogenic most (but not C6H6)
nontoxic most (but not HCI, HBr. HI, cn, NHj)
nonflammable C 02, N20 ,  H20 ,  Xe, Kr, CHF,
Process no solvent residues C 02 and other volatile SCFs
facile separation of products C 0 2 and other volatile SCFs
high diffusion rates all
low viscosity all
adjustable solvent power all
adjustable density all
inexpensive C 0 2, H20 .  NHj, Ar, hydrocarbons
Chemical high miscibility with gases all
variable dielectric constant the polar SCFs
high compressibility all
local density augmentation all
high diffusion rates all
altered cage strength all
Table 1.2: Advantases o f usins CO-> as a supercritical fluid2
Carbon dioxide has been chosen for use as a sc fluid because it has many useful 
properties, such as it is naturally occurring, abundant, can be easily recycled after it has 
been used as a solvent, it is cheap, non toxic, non flammable etc. Vast quantities of C 0 2
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are produced as a by-product in ammonia, hydrogen, and ethanol plants and in power 
stations that bum fossil fuels21’22.
A  great advantage of sc CO2 is the environmentally friendly synthesis of polymers on a 
large-scale. Table 2 shows the advantages of some of the supercritical fluids. One has to 
consider areas such as drying, solubility, and plasticisation of polymers when considering 
CO2 as a polymerisation solvent23. Depressurisation of the polymers simply isolates the 
products from the reaction medium thus resulting in a dry polymer product.
1.1.4. Solubility in Supercritical CO?
There is a problem with solubility when conducting polymerisations in sc CO2. If  the 
molecules are non-polar and have low molar masses then CO2 can act as a very good 
solvent24. Most high molar mass polymers under mild conditions, i.e. under 100°C and 
350 bar, are insoluble in sc CO2. The main polymers that are known to be soluble in sc 
CO2 are amorphous fluoropolymers and silicones. Compared to allcanes, CO2 has a low 
dielectric constant (1.01-1.67)25, and the polarisability (27.6 x 10"25 cm3) 26 is lower than 
ethane and propane.
CO2 has no dipole moment due to its structural symmetry and the main reason for the 
problems with solubility could be the large quadmpole moment that functions over a 
much shorter distance scale than dipolar interactions12. If  a degree of polarity is 
introduced in the polymer chain this could improve the solubility of non-fluorinated 
compounds considering high pressures and temperatures are used27. McHugh28 et al
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explained that a copolymer of fluorinated ethylene-propylene had a very good solubility 
in CO2 at a lower temperature and pressure (200°C, 1000 bar) than polyethylene (270°C, 
2750 bar) itself. The solubility of fluoropolymers could be accounted for either by the 
formation of weak complexes with CO2, or if  the CO2 molecules are formed close to the 
fluorine atom of the C-F bonds that are more polar than the C-H bonds. Therefore the 
main hydrocarbon chain may be ‘shielded5 by the fluorinated side groups which prevent 
unfavourable interactions with the solvent. The solubility of silicones in CO2 could be 
explained by the flexibility of the silicone chains 24>12’27.
Studies carried out using Fourier transform infrared spectroscopy (FTIR ) show that CO2 
displays interactions of Lewis acid-Lewis base type with polymers containing electron- 
donating groups, for example the carbonyl group of poly(methyl methacrylate)29. Work 
done by McHugh explains that if  the amount of methyl acrylate is increased in 
copolymers containing ethylene and methyl acrylate this increased the polymer solubility; 
this was because dipole-quadrupole interactions between CO2 and the acrylate unit 
contribute to the polymer solubility28.
12
Figure 1.3: Polymer compatibility with supercritical CO?30
To facilitate the solubility requirements of polymers in sc CO2 most polymerisations are 
carried out under heterogeneous conditions31. Heterogeneous polymerisations are 
discussed later in section 1.2.3.
1.1.5. Plasticisation effect o f C(h:-
The plasticisation effect of CO2 is an important feature in polymerisation. Plasticisation 
results in the lowering of the polymer’s glass transition temperature (Tg). Carbon dioxide 
causes polymers to become highly plasticised. Plasticisation effects in the polymerisation 
can help remove the residual monomer from polymer, incorporation of additives and 
formation of foam21.
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Chiou32 carried out studies of plasticisation of polymers by CO2 at pressures up to 25 bar. 
Even in such a low pressure there were reductions in glass transition temperature of up to 
50°C33. When the polymer is highly plasticised then the rate of polymerisation increases 
as the diffusion of monomer into the polymer is intensified33"35. These plasticisation 
studies can be carried out by controlling the reaction temperature and pressure36’37.
The plasticisation effect of CO2 is useful as the solution viscosity would be lowered and 
the polymer morphology would be affected by supercritical drying38 or foaming39.
In various papers authors have proved CO2 to be a good plasticising agent for polymers 
such as polystyrene40, polyethylene41, polypropylene41, poly(vinyl chloride)41, nylon41 
etc. CO2 has also previously plasticised polymethacrylates32 and block copolymers42. 
This plasticisation of CO2 is also very important in polymer coatings43’44 which is 
important to this project.
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1.2. Polymerisation o f  (methyl) acrylate in sc CO 7
Free radical polymerisation is the most common method used with supercritical CO2 
where the polymerisation is carried out by dispersion polymerisation. Dispersion 
polymerisation involves the monomer and the initiator both being soluble in the 
continuous phase and the morphology of the particles that nucleate during the reaction is 
controlled by a surfactant. To stabilise these polymer latexes, fluorocarbon and siloxane 
based homopolymers and copolymers have been developed which are soluble in 
scC0245'48.
Dispersion polymerisation in CO2 has been mostly carried out with methyl 
methacrylate34, although other monomers such as styrene49,50, vinyl acetate51,52 and 
acrylamide53 have also been investigated. Some fluoropolymers that are insoluble in 
common organic solvents have been synthesised using chlorofluorocarbon (CFC) 
solvents. Because of the environmental effect of the CFC, SCCO2 has been used to 
replace these solvents54. In search of an alternative method for polymerisation, De­
Simone carried out many polymerisations with fluorinated acrylate monomers. De­
Simone reported the first successful dispersion polymerisation in 199455. The author 
described the use of PFOA (poly fluoro-octyl acrylate) to result in the polymerisation of 
methyl methacrylate in scCCfy PFOA was thought to have aided the polymerisation and 
high conversion of MMA to PMMA. Free radical initiator was used to initiate the 
polymerisation.
15
1.2.1. Acrylate and  m ethacrylate E ster Polymers
Acrylate and methacrylate esters are unsymmetrically substituted ethylenes, and have a 
formula shown below, where R=H for acrylates, and R=CH 3 for methacrylates56.
H\> = <
H X COOR’
The nature of the R  and R ’ groups determines the properties of both the monomers and 
polymers. These classes of polymers have outstanding water-clear colour. The 
properties of those polymers vary from adhesives, to rubbers, tough plastics, and hard 
powders. Acrylate and methacrylate monomers are extremely versatile building blocks. 
These monomers are moderate-to-high boiling liquids that readily polymerise or 
copolymerise with a variety of other monomers. Although these acrylates and 
methacrylates are very expensive, their unique stability characteristics, ease of handling 
and copolymerisation, efficiency in applications for which they were designed, and their 
high quality products more than compensate for the expense.
1.2.2. Free Radical Polymerisation
Polymerisations that are initiated by radicals and propagated by macroradicals are known 
as free radical polymerisations. There is an unpaired electron present in these radicals57.
Initiating radicals are formed thermally, electrochemically or photochemically from 
addition of initiators. The reaction begins with an initiator radical !• where a monomer
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molecule M  is added to become a monomer radical IM*, further monomer molecules are 
added in propagation reactions57.
Polymers that differ in constitution (degree of branching), configuration (tacticity), molar 
mass, and molar mass distribution and in properties may be created by the same 
monomer depending 011 polymerisation conditions. As many different monomers can be 
polymerised free-radically therefore free radical polymerisation is the most important 
class of industrial polymerisations. Additives, reaction temperature etc51, can easily 
control the reaction.
Most free radical polymerisations are started by thermally decomposing initiators. Azo 
compounds 01* peroxides are used to initiate the polymerisation of acrylate and 
methacrylate monomers. A/Af-azo&msobutyronitrile (AIBN) fragments mainly into 
isobutyronitrile radicals (figure 1.4):
NC
Cj H3
TCH,
N = N CN NC
1
CN
CH CH CH
Fisure 1.4: AIBN initiator formins isobutyronitrile radicals57
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Only a fraction of the primarily formed isobutyronitrile radicals can add monomer 
molecules and start the polymerisation56,57. Photochemical and radiation-initiated 
polymerisations can also be performed. If the temperature is kept constant, the initial rate 
of the bulk or solution radical polymerisation of acrylic monomers is first-order with 
respect to monomer concentration, and one-half order with respect to the initiator 
concentration. Acrylate and methacrylate polymerisations are accompanied by the 
liberation of a considerable amount of heat and decrease in volume. These factors 
influence most manufacturing processes. Excess heat is dissipated to avoid uncontrolled 
exothermic polymerisations. Change in volume is important in sheet casting processes 
where the mould must compensate for the decreased volume. Generally, as the size of 
the alcohol substituent increases the percentage shrinkage decreases; on a molar basis, the 
shrinkage is relatively constant56,57.
The bee radical polymerisation of acrylic and methacrylic monomers follows a classical 
chain mechanism in which the chain propagation step entails the head-to-tail 
growth of the polymeric free radical by attack on the double bond of the monomer, 
(figure 1.5).
R R R R H JR
R" -CHj— C  CH2 C-+  CH2= j > — ^  R"-------CH2 c  CH2 C CH2 C.
COOR' COOR' COOR' COOR' COOR' COOR'
Figure 1.5: Free radical polymerisation o f acrylic and methacrylic monomers56
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Chain termination occurs by either combination or disproportionation, depending on the 
conditions of the process. Acrylate and methacrylate polymerisation is distinctly 
inhibited by oxygen; therefore, substantial care is taken to exclude air during the 
polymerisation stages. The inhibitory effect is caused by copolymerisation of oxygen 
with monomer forming an alternating copolymer (figure 1.6)56.
j* R
RM— CH2C. + 02 — CH2COO.
COOR' COOR’
Figure 1.6: The inhibitory effect o f oxygen with monomer56
In the presence of a considerable amount of oxygen, this reaction is extremely rapid, but 
the terminal peroxy radical formed reacts slowly with monomer and has a relatively rapid 
termination rate. Overall, apart from the changes in the polymer composition, there is a 
decrease in the rate of monomer reaction, the kinetic chain length, and the polymer 
molecular weight (figure 1.7)56
19
—  c h 2c o o . +  c h 2= c slow   CH2 C
COOR' C O O R ' C O O R '
Fisure 1.7: Overall effect in the presence o f oxvsen 56
1.2.3. Tacticitv
Polymerisation of an asymmetric vinyl monomer CH2=CHX produces polymers where 
every tertiary carbon atom in the chain is considered as a chiral centre and m and n are 
not equal in any polymer chain, (figure 1.8). Interconversion of the two possible 
configurations (i) and (ii) are shown below which can take place by breaking a bond58.
(C H jC IIX -^ - f X C H C H ,) '  (CIljCHX-fcm
( 0  (ii)
Fisure 1.8: Two possible confisurations o f vinyl monomer58
The polymer might be expected to exhibit optical activity if every tertiary carbon atom in 
the chain were asymmetric. Homoatomic carbon chains do not show any optical activity 
because of the reason that two long chains constitute part of the group variations and as
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these become longer (and more alike) in relation to the chiral centre, the optical activity 
decreases to a very small value. Vinyl polymers which are derived from (CH2 =CXY) 
monomers belong to this category as they are centrosymmetric relative to the main chain, 
and tertiary carbons are pseudo-asymmetric58. The two forms (i) and (ii) above can be 
distinguished by arbitarily assigning them d- or 1- configurations, which refers to the 
group X being positioned below or above the chain in a planar projection.
There are three distinctive distributions of the d- and I- forms among the units in a chain, 
which decide the chain tacticity (stereochemistry). In monotactic polymers there are (a) 
Isotactic; (b) Syndiotactic\ and (c) Atactic forms58.
(a) Isotactic form: The conformation in which all methyl groups are on the same side of 
the zig-zag backbone the polymer is Isotactic. The arrangement of the substituent 
groups is either all d or all /.
' + ii ■** .V ' 5
■ - ■ ■ ■ ■
- *
2 V  V A V
: V;r • ;y;.+v J ,,, J..:i.j-i;+f:s
d d d d
CO
Figure 1.9: Polymer arranged in Isotactic form
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(b) Syndiotactic: When the methyl (X) groups regularly alternate on opposite side of the 
backbone it is known as Syndiotactic, (figure 1.10).-
Figure 1.10: Polymer arranged in syndiotactic form58
(c) Atactic: The conformation in which the methyl groups are randomly orientated the
polymer is known as atactic or heterotactic (figure 1.11).
58Figure 1.11: Polymer arranged in atactic form
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The stereochemistry of the polymers can be determined by proton NMR spectroscopy. 
Work carried out by Bovey and Tiers59 on the polymerisation of methyl methacrylate 
explains the chain tacticity which could be seen from the NMR spectrum of poly(methyl 
methacrylate). There are three possible steric configurations: Isotactic, Syndiotactic, and 
Atactic, which has been explained previously. The three consecutive monomer units are 
called a triad. Figure 1.12 shows how two of the configurations appear on an NMR 
spectrum of poly(methyl methacrylate). The a-methyl group which is seen on figure 
1.12 has three equivalent protons which absorb radiation at a single frequency. This 
frequency is different for each type of configuration as the environment of each proton is 
different.
Therefore a sample containing a mixture of configurations would show a triple peak, and 
the area under each peak determines the amount of each configuration present in the 
sample.
Fisure 1.12: NMR spectra o f polvfmethyl methacrylate), (a) Isotactic sample (b)
Syndiotactic sample59
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In figure 1.12 the sample of poly(methyl methacrylate) in (a) is mostly isotactic but also 
contains a small percentage of atactic and syndiotactic configurations. In (b) mostly 
syndiotactic and a little atactic and isotactic configurations are observed59, as the samples 
were prepared under different conditions.
In this work identical stereochemistry was observed from the copolymerisation of methyl 
methacrylate with PDMS-mMA macromonomer, which gave rise to the three 
configurations, showing a triple peak. This is explained later in chapter 2.
1.2.4. Dispersion polymerisation
Most polymerisations are earned out under heterogeneous conditions to facilitate the 
solubility requirements of polymers in sc CO2. Heterogeneous polymerisation otherwise 
known as particle-forming polymerisation takes place when two phases in the reaction 
system coexist at some point during the process. The products of these reactions are 
spherically shaped particles of sizes ranging from 50 mu - 1-2 mm or larger depending 
on the reaction conditions. Heterogeneous polymerisation has four different techniques: 
precipitation, suspension, dispersion and emulsion31. In this project the products of 
dispersion polymerisation and emulsion polymerisation will be looked at more closely for 
application in spray coatings.
In dispersion polymerisation (figure 1.13) the reaction system is formed by the monomer, 
the initiator, a surfactant, and the dispersing medium. The reaction begins as a 
homogeneous mixture as both the monomer and the initiator are soluble in the continuous 
phase31,60.
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M MM M ' I M M I M MM M "> M M
-15"' S 1 ;>Mf“M M M —j M I M
^  -i-i
1 M
V /  >m v,\/ ♦ :m m
. « t->' < -m 5  ?“/ <y* m
M
x -* r<
Fisure 1.13: Particle growth in dispersion polymerisation60
(Kev: M- monomer: I- initiator:-- stabiliser: - Macromolecule.
A-D shows different stages o f polymerisation)
At this stage coagulation is prevented by the surfactants getting adsorbed on to or 
becoming chemically attached to the surface of particles. This stage of particle formation 
is thought to be completed quite quickly and the particle number density remains constant 
until the polymerisation has ended. The main locus of the polymerisation would shift 
from the continuous phase to the particle phase if the primary particles are swollen by the 
polymerisation medium or the monomer and the kinetics of the process would become 
like these in the bulk. The products from this dispersion polymerisation are spherical 
polymer particles of sizes from 0.1-10|±m. The particle size and the particle size 
distribution is dependent mainly on the solvent, the locus of polymerisation and the 
mechanism of stabilisation30,60,61.
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1.2.5. Emulsion Polymerisation
In emulsion polymerisation (figure 1.14)62 the initial reaction mixture consists of two 
phases and the polymerisation is heterogeneous throughout the reaction. The monomer is 
insoluble in the dispersing medium and at the start of the reaction the monomer is present 
in the form of droplets of 1-10 pm or larger, and in the form of surfactant coated micelles 
that are present in the medium in small amounts. The initiator is soluble in the 
continuous phase but insoluble in the monomer. When the polymerisation is taking place 
there are three distinct intervals, firstly the particle formation, during which the initiator 
is dissolved in the dispersant medium. Secondly, the number of polymer particles 
increases due to the diffusion of monomer droplets to the micelles through the continuous 
phase. When the monomer droplets disappear the third interval begins where the 
concentration of monomer decreases in the polymer particles and in the continuous 
phase. The product of this emulsion polymerisation is spherical polymer particles of 
sizes less than 1 pm62‘65.
Mon. /  - W
. *
• f  Monoma r moltcul*, M -  Monontr containing micella
S -  Soap m icelle , •  Growing mecroradicalt
M - Polymer nucleus, I* -  Growing latex p artic le
Figure 1.14: E m ulsion polymerisation in its early stages63
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A copolymerisation is a polymerisation where a copolymer is formed; these are also 
known as interpolymerisation or mixed polymerisation. For example, vinyl chloride and 
vinyl acetate can copolymerise. Pseudocopolymers are polymers with two or more types 
of monomeric units that are not generated by a copolymerisation of more than one 
species of monomer56.
Copolymerisation is subdivided into bi, ter-, quarter-, quinter-, polymerisation according 
to the number of monomer species involved. Any ratio of the two molecules can be 
combined to give a range of structures, compositions and properties66.
In copolymerisation, different structural forms are produced reflecting different possible 
distributions of the two types of monomer repeat units within the polymer chain. In a 
linear copolymer of monomers A and B, repeat units may either alternate, or be 
distributed at random, or occur in blocks, leading to alternating (-ABABABABABA-), 
random (-ABB ABABAAB ABBA-), and block (-AAAAA-BBBBB-AAAAA-)
copolymers, respectively.
Random and alternating copolymers are produced by simultaneous polymerisation of 
two monomers. Type of initiation, the reactivity ratios of the monomers, and 
environment such as solvent, temperature and pressure influence the end result. 
Reactivity ratios and the copolymerisation parameters are influenced by the polarity of 
the monomers or their polymer free radicals, which may be influenced by the relative 
permittivity of the solvent. Solvent can have an even more direct influence on the 
monomer concentration at the reaction site. The nature of the solvent can influence 
factors such as association of monomers, adsorption of monomers on precipitated
1.3. Covolymerisation
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polymers, and also the solubility67. Most copolymerisations are free radical 
polymerisations because of the reason that many monomers can be copolymerised free 
radically, and those monomers are fairly cheap66.
1.3.1 Covolvmerisation Equation
In simple bipolymerisation, both types of active chain ends -a® and -b® react irreversibly 
with both types A and B monomers66:
i) -a® + A
ii) -a® + B
iii) -b® + A
iv) -b® + B
-a-a® ; RaA = &aA[a®] [A] 
-a-b® ; RaB = ^ [a®] [B] 
-b-a® ; RbA = % A[b®] [A] 
-b-b® ; RbB = /C b sfb ® ] [B]
The two ratios r\ (i = a, b) of propagation rate constants of homo and cross reactions:
ra = kaA/kaB ; rb = kbB/kbA
are called copolymerisation parameters (copolymerisation ratios) or reactivity ratios. 
Five different cases can be distinguished for n — ra and rx -  rb. 
r\ = 0 Rate constants of homopolymerisations are zero. The active chain end adds 
only other type of monomer. 
r{ < 1 The other monomer is added preferentially. 
r\ = 1 Both monomers are added with equal probability if [A] = [B]. 
r\ > 1 The same monomer is added preferentially. 
rx = oo Only homopolymerisation, no copolymerisation.
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The composition of the copolymer can be determined as a function of the monomer feed 
ratio in order to determine the reactivity ratio rj and r2 of the two types of active centre. 
Each r can be defined as the ratio of the reactivity of that centre to its own monomer, 
compared to its reactivity to the other. When r is greater than unity, the centre prefers to 
add its own monomer; if less than one, it prefers the other monomer. If rj — r2 — 1, the 
polymer composition does not change as the polymerisation proceeds67.
Monomers are consumed by the two homopropagation reactions, equation (i) and (iv) 
above, and the two cross-propagations, equations (ii) and (iii), but not by any other 
reaction if molar masses are large66.
1.3.2. Graft Covolvmers
Graft copolymer is formed when one polymer is attached as a branch onto the backbone 
of another polymer of distinct structure. This can be achieved when radical sites are 
generated on a first polymer where the monomer of the second polymer can be grafted. 
Bulk, solution, or dispersion polymerisations could be used to achieve this grafting 
process of polymers68. The results of this graft polymerisation become interesting and 
results in useful properties when the polymers are of different compositions and contain 
segments that are chemically bonded. Methacrylate graft copolymers such as MABS 
(methacrylate-acrylonitrile-butadiene-styrene) and MBS (methacrylate-butadiene- 
styrene) are the most important polymers used commercially68.
Acrylates and methacrylates can be grafted onto a variety of substrates, which include 
methacrylates grafting onto rubbers by methods such as photochemical, chemical,
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radiation, mastication etc. Methyl methacrylate has also been grafted onto substrates 
such as cellulose, poly(vinyl alcohol), poly(vinyl chloride), and other alkyl 
methacrylates .
1.3.3. Macromonomers
Macromolecular monomer can be abbreviated to macromonomer and macromer which 
can be both a polymer and a monomer that has a molar mass of 103-104 kg/mol69. The 
macromonomers contain a reactive end group which can either homopolymerise or 
copolymerise. The reactive end group is often a vinyl group that can take part in free 
radical polymerisation. Macromonomers can also contain end groups such as epoxy, bis- 
hydroxy, etc. Macromonomers do not easily homopolymerise because of their high 
molar mass relative to low molar mass monomers69.
Macromonomers were first introduced by the research workers of ICI for developing well 
known, high solids, non aqueous dispersions (NAD). They used methods such as free 
radical polymerisation and polycondensation for the preparation of organo-soluble 
macromonomers. The term macromonomer was a trade name given by Milkovich from 
CPC international where they prepared macromonomers by the end-capping of living 
anionic polymers prepared from monomers such as styrene and isoprene69.
In recent years there has been a great interest in the application of macromonomers such 
as poly(dimethylsiloxane)70 monomethacrylate (PDMS-mMA) both in industry and 
academic areas. These macromonomers have physical and chemical properties such as 
high gas permeability, high chain flexibility, low surface energy, hydrophobicity etc71.
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Poly(dimethylsiloxane) monomethacrylate is monofunctional as mentioned earlier. At 
one chain end it contains a polymerisable functionality and is also adaptable to produce
• • , , 71graft copolymers where the macromonomer is incorporated into the copolymer chain .
In 1962, the first of these macromonomers were reported in the literature by Greber73. 
The copolymerisation techniques utilizing these macromonomers only became popular 
when Millcovich and coworkers74 proved their value. Since this report, a considerable 
amount of work has been done using this PDMS-mMA macromonomer. Syntheses of 
copolymers using methacrylic and styrenic monomers were described in the paper by 
Smith et al.75 where PDMS-mMA macromonomers were used to produce graft 
copolymers, where the backbone consists of poly(methyl methacrylate) (PMMA) and 
siloxane chains are grafted on to the backbone. Copolymers were produced with 
different proportions of siloxane from 5 to 50 weight percent.
L3.5. Anionic polymerisation
Anionic polymerisation occurs when monomers are added to the active centres that 
contain a negative charge. There is a regeneration of active centre in each step. An alkali 
metal is usually linked to the negatively charged chain end75. Monomers containing 
electron withdrawing groups in substituents can be used in anionic polymerisation. 
These can be acrylic monomers, styrene, acetonitrile, vinyl chloride. Cyclic monomers 
can polymerise by ring opening.
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The initiators which can be used to initiate anionic polymerisation are Lewis bases such 
as alkali metals, amines, phosphines using solvents such as tetrahydrofuran or pyridine. 
To initiate weak electron withdrawing monomers, strong bases are required. Strong 
electron withdrawing monomers could be initiated by a very weak base such as water.
In general anionic polymerisations are rapid at room temperatures but very sensitive to 
changes in temperature, moisture, air etc.17,18
1.3.6. Grouo-Transfer polymerisation
Group-transfer polymerisations are explained as polymerisations in which the active 
group of an initiator molecule is transfered to a monomer molecule (or vice versa) with 
the presence of a catalyst. A nucleophilie or an electrophilic catalyst must be used 
depending on the monomer79.
This procedure of formation of polymers is a very old method. In this method of 
polymerisation the monomer is added repeatedly to a growing polymer chain end, which 
carries a reactive silyl ketene acetal group. During the addition, the silyl group is 
transferred to the incoming monomer, which generates a new ketene acetal function 
ready for reaction with more monomer, (figure 1.15).
32
OR COOR 0CH3
CH3C=COSi(CH3)3 + CH2=  CCOOCH3 fl.atalv.sl. CH3C CH2 C=COSi(CH3)a
ch3 ch3 ch3 CH3
(i) 00
COOR COOCHg (j)CH3
(ii) + CH2=CCOOCH3 CH3C CH2 C CH2 C=COSi(CH3)3
ch3 ch3 ch3 ch3
(iii)
Figure 1.15: Group-transfer polymerisation for methyl methacrylate',80
'Living'80 polymer is generated rapidly at room temperature by the group-transfer 
polymerisation. When a new monomer is added living polymer grows. This procedure 
can be used to control molecular weight, end groups, and chain configuration.
Monomer containing active hydrogen (e.g. acids and hydroxy compounds) is not suitable 
for group-transfer polymerisation, but acrylates, acrylonitrile, N,YV-dimethylacrylamide 
can be polymerised quite readily. The reaction is very susceptible to impurities and all 
reagents and solvents must be absolutely dry. Both low and high temperature 
polymerisations are possible, but a range of 270IC to 320 K is preferred80,81.
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In recent years the coating industries have been under considerable pressure by the 
environmental agencies to reduce harmful atmospheric emissions and volatile organic 
compounds (VOCs). These compounds originate from power stations, chemical 
manufacturing plants, transports and spray application of coatings, paints and adhesives 
causes evaporation of solvents. These VOCs when emitted to the atmosphere cause 
production of ozone (O3), which is very toxic at ground level80. VOCs can be a danger to 
the plant and aquatic life as well as contaminating the water system by precipitation and 
absorption into surface waters and by penetrating into the soil81. The coating industries in 
America spray 1.5 billion litres of coatings and paints which emit 550 grams of VOC 
solvents for each litre sprayed (4.51b/gal)82.
Supercritical carbon dioxide (SCCO2) has been used to replace the conventional solvent in 
coatings. In 1990 SCCO2 was first commercialised as a viscosity reduction solvent83. 
SCCO2 has benefits such as cost reduction, waste reduction, quality improvement, less dirt 
on painted parts and less booth cleaning84'87.
There are a few other types of coatings that have been in use for the last twenty years 
which have low solvent VOC emission. These include water-borne coatings, high-solids 
coatings and powder coatings which have been used successfully for their required 
application. However they did not prove to be as successful as the solvent borne coating 
systems. Therefore further research has been earned out over the last few years to
1.4. Coatings
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improve the performance and application properties of these different types of coating 
systems1.
Water-bome coating systems replace organic solvent with water which makes them more 
desirable82. They have been used in applications where substrates can accept water but 
have a problem with slow rate of evaporation and material incompatibility. This system 
does not meet the low regulatory limits as the solvent contents need to be high for resins 
to be compatible with water. This coating system provides lower gloss and uniformity 
and lower corrosion protection than solvent-home coatings. As water is highly 
conductive it is difficult for electrostatic spraying because the equipment has to be
1 RS SOisolated and charged to a high voltage to effectively charge the coating ’ ’ .
Tiigh-solids' coatings have reduced solvent content as the resins are more reactive and 
with much lower molecular weight than conventional coatings. However, this type of 
coating system undergoes problems such as sagging, cratering, slow curing, running 
etc''82.
Powder coatings do not require any solvents, the particles are melted and fused by baking 
at a very high temperature which forms a consistent coating film. Powder coatings do not 
meet the quality of the appearance required by many of the applications. It provides low 
gloss, poor film uniformity and is only useful for single-colour operations1,89.
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The powder coating systems that have been designed recently as an alternative to liquid 
coatings are very cost effective and of high quality93. The system includes spraying 
booth, powder guns and ancillary equipment to provide the best environment for 
improved coatings and optimum results. There are some points to consider where 
powder coating is concerned, system utilisation, transfer efficiency and charging 
efficiency.
System utilisation compares the amount of powder that is consumed during the substrate 
coating with the total amount of input of powder in the system. So this amount is 90- 
98%93, much higher than before as overspray materials are collected and reused.
Transfer efficiency compares the total amount of powder sprayed by the equipment to the 
amount of powder applied to the parts. This amount is between 40-60%93.
Charging efficiency is the capacity of charging the powder particles as they exit the gun. 
It is a key factor in the electrostatic process93.
1.4.1. Supercritical fluid spray process
A new system called the supercritical fluid spray process (Figure 1.16) has been 
developed by the Union Carbide Corporation1. This process uses scCCh which replaces 
the fast evaporating solvents used in the conventional solvent-borne coatings. An 
environmentally friendly spray process has been developed to improve coating 
performance and maintain coating quality94'96. This system would reduce VOC emission
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94-96emissions
by up to 80% when used for commercial application and will not produce hazardous
Figure 1.16: Supercritical spray process (Schematic diagram f 4
The emission of C02 from the new spray system is much less than the conventional spray 
system97. C02 is produced in air by oxidising the organic solvent that is discharged from 
the solvent-bome system. 2.3 to 3.0 kg of new C02 is added to the environment for each 
kilogram of solvent that is discharged from a conventional system97. In the new system 
this solvent is replaced by the same amount or even less C02 which reduces the total C02 
emission significantly.
The supercritical fluid (SCF) spray process could make use of conventional resins with 
high molar mass that would provide a good coating performance92. Procedures such as 
film coalescence, levelling, re-flow during application, flashing and curing may require
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small amounts of conventional solvents. Converting a conventional coating system to a 
SCF spray coating process may need very little or no adjustment at all. This does not 
change the coating performance at all. To distinguish the high-solid coatings from the 
reformulated coatings, the latter is known as 'coating concentrate' which can be mixed 
with CO2 before spraying. The coating concentrate is very viscous as solvent has been 
removed. The mixture of CO2 and the coating concentrate is pressurised to maintain the 
supercritical condition. The mixture is sprayed at a temperature of 40-70°C and a 
pressure of 90-120 bar92. Carbon dioxide is supercritical at these conditions considering 
no other solvent or coating material is present.
Supercritical CO2 can evaporate very quickly. The coating concentrate becomes much 
less viscous after mixing with the CO2 and when sprayed the CO2 evaporates 
immediately after atomisation. The spray droplets become very viscous (800-3000 
centipoise)86 once the CO2 is evaporated. Slowly evaporating solvents are used to 
formulate the coating concentrate which lowers the viscosity so that the coalescence can 
take place on the surface. The viscosity is maintained at a level so that running and 
sagging do not take place.
The mechanism for the atomisation is different in the new SCCO2 spray system from that 
in the conventional spray system. scCCh can generate vigorous atomisation as well as 
reduce viscosity in the system. The spray produced from it is called a decompressive 
spray96’97 (figure 1.17) that produces a vigorous atomisation and improved spray 
characteristics compared to conventional spray system.
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F isure  1.17: E xam ple o f  A  Decompressive A tom isation produced by S cC O j system86
Spray viscosity has a limitation on a conventional spray system and also the polymer 
molecular weights need to be lowered in the coating formulation if the amount of solvent 
is reduced to decrease volatile emission86,98’99. This is not the case in a scCCh spray 
system. A rapid depressurisation takes place when the coating mixture is passed through 
the orifice in the spray nozzle. At this stage the CO2 is supersaturated in the spray 
solution. There is a huge rapid pressure drop as the spray exits the nozzle. CO2 is 
converted into a gaseous state. Decompression of CO2 gas in the spray orifice creates an 
expansive force. Liquid forces of viscosity, cohesion and surface tension are overcome 
by the expansive force created by the rapid decompression. The shape of the spray is 
parabolic, with an angle of 180°C at the nozzle. This parabolic shape is due to the 
interaction between the outward decompression and the high forward momentum of the 
spray (figure 1.17). Decompressive atomisation produces narrow droplet size, fine sprays 
and uniform coating.
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To conclude the advantages o f the Unicarb spray coating system comvared to the
conventional solvent systems84’90,92:- 
operating and capital cost is reduced 
highly viscous coatings could be used
- narrow droplet size and distribution
coating performance and appearance is greatly improved
- VOC emission highly reduced
- Transfer efficiency is high 
VOC free working environment
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1 .4 .2 . V A M P  P r o c e s s
T h e r e  i s  a n o t h e r  m e t h o d  w h i c h  h a s  b e e n  d e v e l o p e d  i n  1 9 9 0  b y  t h e  F e r r o  C o r p o r a t i o n  i n  
O h i o  k n o w n  a s  t h e  V E D O C  A D V A N C E D  M A N U F A C T U R I N G  P R O C E S S  ( V A M P ™ )95’56 
w h i c h  h a s  c h a n g e d  i t s  n a m e  r e c e n t l y  t o  t h e  S F  M i c r o n M i x ™  p r o c e s s 9 7 . T h e r e  h a s  b e e n  
o n g o i n g  r e s e a r c h  f o r  m a n y  y e a r s  t o  p r o d u c e  p o w d e r  c o a t i n g  a t  l o w  t e m p e r a t u r e  w h i c h  
u s e s  s u p e r c r i t i c a l  c a r b o n  d i o x i d e .
I n  t h i s  p r o c e s s  s c C C >2 w o u l d  a c t  a s  a  p r o c e s s  m e d i u m .  I t  i s  a n  a u t o m a t e d  s y s t e m  o p e r a t e d  
b y  p r o g r a m m a b l e  c o n t r o l l e r s .  T h e  s y s t e m  c a n  u s e  g a s e s  o r  l i q u i d s  u n d e r  h i g h  p r e s s u r e  
a n d  u s e s  p o w d e r  c o a t i n g  f o r m u l a t i o n  t o  p r o d u c e  p o w d e r  c o a t i n g s  a t  l o w  t e m p e r a t u r e .  
T h e  g a s  u s e d  i n  t h e  V A M P ™  p r o c e s s  i s  C O 2 a s  i t  i s  c h e a p  a n d  e n v i r o n m e n t a l l y  
f r i e n d l y 9 8 .
1 . 4 . 3 .  U N I C A R B ™  P r o c e s s
T h e  V A M P ™  p r o c e s s  i s  a  p o w d e r  c o a t i n g  s y s t e m  a n d  t h e  U N I C A R B ™  p r o c e s s  i s  a  
l i q u i d  p o w d e r  c o a t i n g  s y s t e m .  T h e r e  i s  a  h i g h  p r e s s u r e  v i e w  c e l l  i n  t h e  U N I C A R B ™  
s y s t e m  c a l l e d  a  P h a s e r 84 ( f i g u r e  1 . 1 8 )  w h i c h  m e a s u r e s  t h e  p h a s e  r e l a t i o n s h i p s  a n d  
p h y s i c a l  p r o p e r t i e s  s u c h  a s  d e n s i t y ,  v i s c o s i t y ,  s o l u b i l i t y  a n d  p r e s s u r e - t e m p e r a t u r e  p h a s e  
b o u n d a r i e s .  H o w e v e r  t h e  U N I C A R B ™  a p p a r a t u s  u s e d  f o r  t h i s  p r o j e c t  d o e s  n o t  c o n t a i n  a  
p h a s e r  a n d  t h e r e f o r e  t h e  d e n s i t y  a n d  t h e  v i s c o s i t y  w o u l d  h a v e  t o  b e  c a l c u l a t e d .  T h i s  
a p p a r a t u s  d o e s  c o n t a i n  m a s s  f l o w  m e t e r s  t h a t  m e a s u r e  t h e  f l o w  r a t e  o f  C O 2 a n d  t h e  
a m o u n t  o f  m a t e r i a l  s p r a y e d .  M c H u g h  a n d  c o w o r k e r 98'100 h a v e  d e s i g n e d  a n  a p p a r a t u s  t h a t
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c o n t a i n e d  a  p h a s e r  ( f i g u r e  1 . 1 8 )  o f  s i m i l a r  t y p e  w h i c h  w a s  l a t e r  a d o p t e d  b y  t h e  U n i o n  
C a r b i d e  C o r p o r a t i o n  f o r  t h e i r  a p p a r a t u s .
F i s u r e  1 . 1 8 :  M o d i f i e d  P h a s e r  t o  m e a s u r e  t h e  P h a s e  c o n d i t i o n s  a n d  v i s c o s i t y 82
T h e  p h a s e  c o n d i t i o n s  c a n  b e  v i e w e d  f r o m  t h e  s a m p l e  c h a m b e r  b y  a  v i d e o  c a m e r a  a n d  a  
l i g h t  s o u r c e  w h i c h  a r e  a t t a c h e d  t o  t h e  s a m p l e  c h a m b e r .  D a t a  c a n  b e  o b t a i n e d  b y  l o a d i n g  
t h e  s a m p l e  c h a m b e r  w i t h  a  m e a s u r e d  a m o u n t  o f  p o l y m e r  f o l l o w e d  b y  C O 28 4 . T h e  
t e m p e r a u t r e  a n d  p r e s s u r e  a r e  a d j u s t e d  d u r i n g  t h e  m i x i n g  p r o c e s s  a n d  w h e n  t h e  m i x t u r e  
r e a c h e s  a n  e q u i l i b r i u m  t h e  v i s c o s i t y  c a n  b e  m e a s u r e d  b y  a  v i s c o m e t e r  ( r o t a t i n g  m a g n e t i c  
f i e l d )  a n d  a l s o  t h e  o b s e r v a t i o n s  o f  p h a s e  c o n d i t i o n  a r e  t a k e n .  T h e  p h a s e  c h a n g i n g  
o b s e r v a t i o n s  c a n  b e  t a k e n  a t  d i f f e r e n t  l e v e l s  o f  C O 2.
S e v e r a l  e x p e r i m e n t s  c o n d u c t e d  b y  t h e  p h a s e r  g a v e  s u r p r i s i n g  r e s u l t s  w h e r e  t h e  s o l u b i l i t y  
o f  p o l y m e r  i n  s c C C b  i s  c o n c e r n e d .  T h e  s o l u b i l i t y  o f  m o s t  p o l y m e r s  i n  S C C O 2 i s  v e r y  l o w  
( b e l o w  1% ) 84 , b u t  i n  t h e s e  e x p e r i m e n t s  t h e  s o l u b i l i t y  o f  C O 2 i s  m e a s u r e d  t o  b e  2 0 - 6 0 % 84
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f o r  s o m e  p u r e  l i q u i d  p o l y m e r  s y s t e m s  t h a t  c o n t a i n e d  n o  o r g a n i c  s o l v e n t .  T h e  a u t h o r 82 
e x p l a i n s  t h a t  t h e  t h e r m o d y n a m i c  c o n c e p t  i s  r e v e r s e d  a s  t h e  C O 2 a c t s  a s  t h e  s o l u t e  a n d  
p o l y m e r  a c t s  a s  t h e  s o l v e n t .  T h i s  p r i n c i p l e  w o u l d  b e  v e r y  u s e f u l  i n  c o a t i n g s  a s  i t  c a n  
m a k e  u s e  o f  i n c r e a s e d  l e v e l  o f  p o l y m e r  a n d  j u s t  e n o u g h  s l o w l y  e v a p o r a t i n g  s o l v e n t  f o r  
t h e  r e q u i r e d  v i s c o s i t y  f o r  f i l m  f o r m a t i o n  a n d  c o a l e s c e n c e .
1 . 4 . 4 .  G A P  P r o c e s s
T h e  p o l y m e r  p o w d e r  u s e d  i n  a  p o w d e r  c o a t i n g  s y s t e m  h a s  b e e n  p r o d u c e d  b y  a  g a s  
a t o m i s a t i o n  p r o c e s s  ( G A P )104’105 t h a t  c a n  b e  u s e d  f o r  m a s s  p r o d u c t i o n  o f  h i g h  q u a l i t y  
m i c r o n  s i z e d  s p h e r i c a l  p o l y m e r  p o w d e r .  I t  i n v o l v e s  t h e  u s e  o f  h i g h  p r e s s u r e  ( 7 . 6  M P a  
m a x )104 a n d  a  s p e c i a l  n o z z l e  d e s i g n e d  t o  a t o m i s e  a  m o l t e n  s t r e a m  o f  p o l y m e r  i n t o  a  f i n e  
d r o p l e t  w h i c h  f o r m s  s p h e r i c a l  p o w d e r s  w h e n  c o o l e d .  T h e  a p p l i c a t i o n s  o f  t h e s e  p o w d e r s  
a r e  t a r g e t e d  i n  p o w d e r  s p r a y  c o a t i n g s  a s  f o r m u l a t i n g  i n g r e d i e n t s  a n d  a l s o  a s  r a w  
m a t e r i a l s  f o r  p o l y m e r  a l l o y s  a n d  c o m p o s i t e s .  F o r  t h e s e  a p p l i c a t i o n s  t h e  p o w d e r  n e e d s  t o  
b e  p u r e  a n d  u n i f o r m  m i c r o n  s i z e d  s p h e r i c a l  p a r t i c l e s .  T h e s e  e s s e n t i a l  p r o p e r t i e s  l e a d  t o  
u n p r o v e d  h a n d l i n g  a n d  p e r f o r m a n c e  o f  t h e  p r o d u c t .
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Synthesis of Copolymer Stabilisers 
CHAPTER 2
G r a f t  c o p o l y m e r s  o f  P D M S - m M A  m a c r o m o n o m e r  w i t h  m e t h y l  m e t h a c r y l a t e  h a v e  
b e e n  s y n t h e s i s e d  b y  f r e e - r a d i c a l  p o l y m e r i s a t i o n ,  a s  r e p o r t e d  i n  v a r i o u s  p a p e r s 1"5 . T h i s  
m a c r o m o n o m e r  t e c h n i q u e  h a s  b e c o m e  v e r y  p o p u l a r  i n  r e c e n t  y e a r s  a n d  p r o d u c e s  w e l l
• 7
d e f i n e d  c o p o l y m e r s  . P o l y s i l o x a n e  m a c r o m o n o m e r s  w e r e  r e p o r t e d  a s  e a r l y  a s  1 9 6 2  , 
b u t  w e r e  n o t  v e r y  c o m m o n  u n t i l  M i l k o v i c h  a n d  c o w o r k e r s 8 h a d  f i r s t  d e m o n s t r a t e d  
t h e i r  u s e .  A  p a p e r  b y  M c G r a t h  e t  a l . 9 r e p o r t s  t h e  w o r k  c a r r i e d  o u t  o n  c o p o l y m e r s  
s y n t h e s i s e d  f r o m  m e t h a c r y l a t e  f u n c t i o n a l  s i l o x a n e s  a n d  v a r i o u s  a l k y l  m e t h a c r y l a t e s .
T h e  i n c o i p o r a t i o n  o f  t h e  s i l o x a n e  i n t o  t h e  c o p o l y m e r  c h a i n  l e a d s  t o  a  l a r g e  n u m b e r  o f  
a p p l i c a t i o n s  w h i c h  i n c l u d e  i o n  e t c h  r e s i s t a n c e  f o r  m i c r o l i t h o g r a p h y 10, s u r f a c e  
m o d i f i c a t i o n 9 , p o l y m e r  a l l o y s 9 , h i g h e r  o x y g e n  p e r m e a b i l i t y  i n  m e m b r a n e  m a t e r i a l s 11 
e t c .  P r o t o n  N M R  s p e c t r o s c o p y  w a s  u s e d  t o  c a l c u l a t e  t h e  a m o u n t  o f  P D M S  
i n c o i p o r a t i o n  i n  t h e  c o p o l y m e r .  S m i t h  e t  a l .  f o u n d  t h a t  t h e  i n c o r p o r a t e d  a m o u n t s  o f  
P D M S  w e r e  q u i t e  c l o s e  t o  t h e  a m o u n t  t h a t  w a s  u s e d  f o r  t h e  p o l y m e r i s a t i o n 1 2 .
A s  t h e  m a c r o m o n o m e r  t e c h n i q u e  i s  o f  s u c h  i n t e r e s t  t o  o u r  w o r k ,  t h e  s y n t h e s i s  o f  t h e  
m a c r o m o n o m e r  o f  m o l a r  m a s s  2  k g  w i l l  b e  d i s c u s s e d  i n  t h i s  c h a p t e r .  T h e  u n i t s  o f  
m o l a r  m a s s  ( k g )  h a s  b e e n  r e f e r r e d  t o  a s  k  i n  t h i s  t h e s i s .  T h i s  m a c r o m o n o m e r  
s y n t h e s i s  w a s  c a r r i e d  o u t  b y  l i v i n g  a n i o n i c  p o l y m e r i s a t i o n  o f  
h e x a m e t h y l c y c l o t r i s i l o x a n e  ( D 3) ,  f o l l o w e d  b y  e n d - c a p p i n g .  T h e n  t h i s  P D M S - m M A  
m a c r o m o n o m e r  w a s  u s e d  i n  v a r i o u s  c o n c e n t r a t i o n s  t o  s y n t h e s i s e  g r a f t  c o p o l y m e r s  
w i t h  m e t h y l  m e t h a c r y l a t e  f o r  u s e  a s  a  d i s p e r s i o n  s t a b i l i s e r  t o  d i s p e r s e  p r e f o r m e d  
p o l y ( m e t h y l  m e t h a c r y l a t e )  i n  s u p e r c r i t i c a l  c a r b o n  d i o x i d e .  T h e  c o p o l y m e r s  w e r e  
s y n t h e s i s e d  b y  f r e e  r a d i c a l  p o l y m e r i s a t i o n ,  u s i n g  A I B N  a s  i n i t i a t o r .  T h e  
c o n c e n t r a t i o n  o f  t h e  s i l o x a n e  m a c r o m o n o m e r  v a r i e d  i n  t h e  c o p o l y m e r s .
2 . 2 .  Introduction
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A l l  g l a s s w a r e  w a s  d r i e d  o v e r n i g h t  i n  t h e  o v e n  a t  7 0 ° C  p r i o r  t o  u s e  a n d  a l l  t h e  
e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u n d e r  d r i e d  n i t r o g e n .  T h e  a p p a r a t u s  w a s  c o o l e d  i n  a  
d e s s i c a t o r ,  a n d  w h e n  a s s e m b l e d ,  w a s  l e f t  i n  a  c o n s t a n t  f l o w  o f  n i t r o g e n  f o r  t e n  
m i n u t e s .  T h e  m o n o m e r  m e t h y l  m e t h a c r y l a t e  a n d  t h e  s o l v e n t  t o l u e n e  w e r e  d i s t i l l e d  
p r i o r  t o  u s e .  P o l y ( d i m e t h y l s i l o x a n e )  m o n o m e t h a c r y l a t e  o f  n o m i n a l  m o l a r  m a s s  1 0  
( A l d r i c h ) ,  5  ( G e l e s t ) ,  a n d  2  k  w a s  u s e d  t o  s y n t h e s i s e  t h e  c o p o l y m e r s .  A l l  r e a c t i o n s  
w e r e  d o n e  u n d e r  a  c o n s t a n t  f l o w  o f  n i t r o g e n .  A l l  c h e m i c a l s  w e r e  p u r c h a s e d  f r o m  
A l d r i c h  a n d  u s e d  a s  r e c e i v e d  u n l e s s  o t h e r w i s e  s t a t e d ,  A l l  e x p e r i m e n t s  w e r e  c a r r i e d  
o u t  a f t e r  a  C O S H H  r i s k  a s s e s s m e n t  h a d  b e e n  c o m p l e t e d .
I n s t r u m  e n t a t i o n
!H  n u c l e a r  m a g n e t i c  r e s o n a n c e  ( N M R )  s p e c t r o s c o p y  w a s  p e r f o r m e d  u s i n g  a  
B R U K E R  A C  3 0 0  s p e c t r o m e t e r  o p e r a t i n g  a t  3 0 0 . 1 5 M H z  i n  d e u t e r a t e d  c h l o r o f o r m  
( C D C l s ) .
I n f r a - r e d  ( I R )  s p e c t r o s c o p y  w a s  p e r f o r m e d  u s i n g  a  P e r k i n  E l m e r  s y s t e m  2 0 0 0  F T - I R  
w i t h  p o t a s s i u m  b r o m i d e  ( K B r )  d i s c s .
G e l  P e r m e a t i o n  C h r o m a t o g r a p h y  ( G P C )  a n a l y s i s  w e r e  c a r r i e d  o u t  u s i n g  a  W a t e r s  5 1 0  
H P L C  p u m p ,  E R M A  R I  D e t e c t o r  E R C  7 5 1 0 ,  P L  g e l  5  j a m  m i x e d  D  c o l u m n ,  
c a l i b r a t e d  u s i n g  p o l y s t y r e n e  s t a n d a r d ,  M i l l e n n i u m  3 0 0 0 .
E l e m e n t a l  a n a l y s e s  w e r e  c a r r i e d  o u t  u s i n g  a  L e e m a n  C E 4 4 0  E l e m e n t a l  a n a l y s e r .
2,2, Experimental
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2 , 2 , - A z o t o ( 2 - m e t h y l p r o p i o n i t r i l e )  ( 0 . 1 2  g ,  1 %  b a s e d  o n  m o n o m e r )  w a s  d i s s o l v e d  i n  
t o l u e n e  ( 8 0  m l )  i n  a  s e a l e d  t h r e e  n e c k  r o u n d  b o t t o m  f l a s k .  T h e  s o l u t i o n  w a s  
c o n t i n u a l l y  s t i r r e d  a t  a  r a t e  o f  3 0 0  r p m  a n d  t h i s  w a s  k e p t  c o n s t a n t  f o r  t h e  d u r a t i o n  o f  
t h e  r e a c t i o n .  M e t h y l  m e t h a c r y l a t e  ( 1 2  g )  w a s  i n j e c t e d  i n t o  t h e  f l a s k  v i a  a  s e p t u m  
s t o p p e r e d  n e c k .  T h e  r e a c t i o n  f l a s k  w a s  h e a t e d  i n  a n  o i l  b a t h  u n t i l  t h e  i n t e r n a l  
t e m p e r a t u r e  o f  t h e  f l a s k  r e a c h e d  8 0 ° C .  T h e  r e a c t i o n  w a s  l e f t  t o  r e f l u x  f o r  f o u r  h o u r s  
a t  8 0 ° C .
T h e  p o l y m e r  s o l u t i o n  w a s  p i p e t t e d  i n  p e t r o l e u m  e t h e r  ( 4 0 - 6 0 ° C )  ( 5 5 0  m l )  w h i c h  w a s  
s t i r r e d  c o n t i n u a l l y  a t  3 0 0  r p m .  T h e  p r e c i p i t a t e s  f o r m e d  w e r e  w h i t e  f l a k e s .  T h e  
s o l v e n t  w a s  f i l t e r e d  o f f  a n d  t h e  p r o d u c t  w a s  p u r i f i e d  b y  d i s s o l v i n g  i n  a s  l i t t l e  
d i c h l o r o m e t h a n e  a s  p o s s i b l e  ( 3 5  m l ) .  T h i s  p u r i f i e d  p r o d u c t  w a s  t h e n  r e - p r e c i p i t a t e d  
i n  p e t r o l e u m  e t h e r  ( 4 0 - 6 0 ° C ) .  T h e  s o l v e n t  w a s  f i l t e r e d  o f f  a n d  t h e  p r o d u c t  w a s  d r i e d  
i n  a  d e s s i c a t o r  u n d e r  v a c u u m  a t  r o o m  t e m p e r a t u r e .
Y i e l d  =  4 7 %
2.2.2Copolvmerisatioii of methyl methacrylate with 5% (wt%)
polv(dimethvlsiloxane) monomethacrvlate macromonomer (PDMS-mMA) bv 
free-radical polymerisation1
2 , 2 ’ - A z o / ) A ( 2 - m e t h y l p r o p i o n i t r i l e )  ( 0 . 1 2  g ,  1 %  b a s e d  o n  M M A )  w a s  d i s s o l v e d  i n  
t o l u e n e  ( 8 0  m l )  i n  a  s e a l e d  t h r e e  n e c k  r o u n d  b o t t o m  f l a s k .  T h e  s o l u t i o n  w a s  
c o n t i n u a l l y  s t i r r e d  u n d e r  n i t r o g e n  a t  a  r a t e  o f  3 0 0  r p m  a n d  t h i s  w a s  k e p t  c o n s t a n t  f o r  
t h e  d u r a t i o n  o f  t h e  r e a c t i o n .  P D M S - m M A  ( 0 . 6  g ,  5 %  b a s e d  o n  M M A )  w a s  i n j e c t e d
2.2.1. Synthesis of polvfmethyl methacrylate)
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i n t o  t h e  r e a c t i o n  f l a s k  v i a  a  s e p t u m  s t o p p e r e d  n e c k  f o l l o w e d  b y  m e t h y l  m e t h a c r y l a t e  
(12  g ) .
T h e  r e a c t i o n  f l a s k  w a s  h e a t e d  i n  a n  o i l  b a t h  u n t i l  t h e  i n t e r n a l  s o l u t i o n  t e m p e r a t u r e  o f  
t h e  f l a s k  w a s  6 5 ° C .  T h e  r e a c t i o n  w a s  l e f t  a t  t h i s  t e m p e r a t u r e  ( 6 5 ° C )  f o r  5 0  h o u r s  t o  
c o p o l y m e r i s e  t h e  P D M S - m M A  w i t h  m e t h y l  m e t h a c r y l a t e .
T h e  r e s u l t i n g  g r a f t  c o p o l y m e r  w a s  p i p e t t e d  s l o w l y  i n t o  m e t h a n o l  ( 5 0 0  m l ) .  T h e  
p r e c i p i t a t e  f o r m e d  w a s  s m a l l  w h i t e  f l a k e s  o f  s o l i d .  T h e  s o l v e n t  w a s  f i l t e r e d  o f f  a n d  
t h e  p r e c i p i t a t e  w a s  p l a c e d  i n  a  s o x h l e t  a p p a r a t u s  f o r  e x t e n s i v e  e x t r a c t i o n  w i t h  h e x a n e  
t o  r e m o v e  a n y  u n r e a c t e d  P D M S  m a c r o m o n o m e r .
T h e  r e s u l t a n t  p r o d u c t  w a s  a  w h i t e  s o l i d  w h i c h  w a s  d r i e d  i n  a  v a c u u m  d e s s i c a t o r  a t  
r o o m  t e m p e r a t u r e .
Y i e l d  =  7 . 0 3  g  ( 5 5 . 8 % )
T h i s  m e t h o d  w a s  r e p e a t e d  f o r  t h e  c o p o l y m e r  s y n t h e s i s  u s i n g  2 5 %  a n d  5 0 %  ( w t %  
m o n o m e r )  o f  P D M S - m M A  m a c r o m o n o m e r .  T a b l e  2 . 1  b e l o w  s h o w s  t h e  
n o m e n c l a t u r e  o f  t h e  c o p o l y m e r  s t a b i l i s e r s  t h a t  w e r e  s y n t h e s i s e d .
i
I
j
i
i
I
j
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C o p o l y m e r  S t a b i l i s e r  
l O g  M M A  +  w t %  P D M S - m M A
P r o d u c t  C o d e
5 %  P D M S - m M A C o p  5
1 0 %  P D M S - m M A C o p  1 0
2 5 %  P D M S - m M A C o p  2 5
5 0 %  P D M S - m M A C o p  5 0
T a b l e  2 . 1  N o m e n c l a t u r e  o f  t h e  c o p o l y m e r  s t a b i l i s e r s  
N o t e :  5  w t %  P D M S - m M A  a d d e d  i n  M M A
T h e s e  c o p o l y m e r  s t a b i l i s e r s  h a v e  b e e n  m a d e  b y  u s i n g  t h r e e  d i f f e r e n t  r e l a t i v e  m o l a r
m a s s e s  o f  P D M S - m M A  m a c r o m o n o m e r  1 0  k ,  5  lc ,  a n d  2  lc . T h e r e f o r e  t h e  p r o d u c t
c o d e  w o u l d  s h o w  t h e  m o l a r  m a s s  o f  t h e  m a c r o m o n o m e r  b y  t h e  s i d e  o f  i t  f o r  e x a m p l e :
C o p  5  ( 1 0  lc )
C o p  5  ( 5  k )  e t c .
T a b l e  2 . 2  s h o w s  t h e  y i e l d  o b t a i n e d  f r o m  e a c h  o f  t h e  c o p o l y m e r s .
Copolymer Mass (g) 
of product
Yield %
5 %  P D M S - m M A 7 . 0 3 5 5 . 8
2 5 %  P D M S - m M A 1 7 . 8 8 4 . 5
5 0 %  P D M S - m M A 1 9 . 3 1 0 7
Table 2.2 Yields of different copolymers
T h i s  m e t h o d  w a s  r e p e a t e d  f o r  t h e  c o p o l y m e r  s y n t h e s i s  u s i n g  1 0 % ,  2 5 % ,  a n d  5 0 %  
( w t %  m o n o m e r )  o f  P D M S - m M A  m a c r o m o n o m e r .  T h e n  m o l a r  m a s s  o f  5 ,  a n d  2  k g
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P D M S - m M A  m a c r o m o n o m e r  w e r e  u s e d  t o  s y n t h e s i s e  t h e  c o p o l y m e r s  c o n t a i n i n g  5 % ,  
1 0 % ,  2 5 % ,  a n d  5 0 %  ( w t %  m o n o m e r )  o f  t h e  m a c r o m o n o m e r  u s i n g  t h e  s a m e  m e t h o d .  
T a b l e  2 . 3  s h o w s  t h e  y i e l d  o b t a i n e d  f r o m  e a c h  o f  t h e  c o p o l y m e r i s a t i o n s  o f  d i f f e r e n t  
m o l a r  m a s s  P D M S - m M A  m a c r o m o n o m e r .
Copolymer
P D M S - m M A  macromonomer
10 kg 5 kg 2 kg
Mass
(g)
%  Yield Mass
(g)
%  Yield Mass
(g)
%  Yield
Cop 5 11.5 91.6 11.1 88.0 8.51 67.5
Cop 10 14.2 108 10.1 76.4 9.02 68.3
Cop 25 19.0 127 12.2 81.0 8.77 58.5
Cop 50 16.1 89.5 12.7 70.7 12.6 69.7
T a b l e  2 . 2  M a s s  ( s )  a n d  y i e l d  ( % )  o f  v a r i o u s  c o p o l y m e r s  o f  d i f f e r e n t  m o l a r  m a s s e s
o f  P D M S - m M A
T h e  p e r c e n t a g e  y i e l d  f o r  C o p  2 5  i s  a  l i t t l e  h i g h .  I t  c o u l d  b e  d u e  t o  e n t r a p p e d  s o l v e n t  
f r o m  t h e  e x t r a c t i o n ,  b u t  t h e r e  w a s  n o  e v i d e n c e  o f  t h i s  o n  t h e  N M R  s p e c t r u m .  A n o t h e r  
r e a s o n  f o r  t h e  h i g h  y i e l d  c o u l d  b e  t h a t  t h e  n o m i n a l  m o l a r  m a s s e s  f o r  t h e  
m a c r o m o n o m e r s  ( 1 0  k ,  5  lc ,  2  k )  w e r e  c a l c u l a t e d  b y  u s i n g  t h e  N M R  s p e c t r a m  o f  t h e  
m a c r o m o n e m e r s ,  w h e r e  t h e  r a t i o  o f  t h e  P D M S - m M A  s i g n a l  t o  o n e  o f  t h e  v i n y l  p r o t o n  
s i g n a l s  w a s  u s e d  t o  c a l c u l a t e  t h e  m o l a r  m a s s .  I t  w a s  t a k e n  i n t o  c o n s i d e r a t i o n  t h a t  t h e  
e r r o r  i n  t h i s  c a l c u l a t i o n  w o u l d  h a v e  b e e n  s i g n i f i c a n t  a s  t h e r e  w a s  a  l a r g e  d i f f e r e n c e  
b e t w e e n  t h e  i n t e g r a l s  o f  e a c h  s i g n a l .  T h e  m o l a r  m a s s  c a l c u l a t e d  f o r  1 0  lc  
a p p r o x i m a t e l y  9 6 0 0  g ,  b u t  t h e  “ t r u e ”  m o l a r  m a s s  c o u l d  h a v e  b e e n  m u c h  h i g h e r  t h a n
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1 0  k ,  t h e r e f o r e  m a k i n g  t h e  p e r c e n t a g e  y i e l d  h i g h e r  t h a n  1 0 0 % .  T h e  e n d  p r o d u c t  w a s  
p u r i f i e d  b y  e x t e n s i v e  e x t r a c t i o n  w i t h  h e x a n e  t o  r e m o v e  a n y  u n r e a c t e d  
m a c r o m o n o m e r ,  t h e  p e r c e n t a g e  y i e l d  o f  t h e  p r o d u c t  c o u l d  n o t  h a v e  b e e n  h i g h e r  t h a n  
100%  d u e  t o  t h e  p r e s e n c e  o f  u n r e a c t e d  m a c r o m o n o m e r .
2 . 2 . 3 .  S y n t h e s i s  o f  2  k  v o l v ( d i m e t h v l s i l o x a n e )  m o n o m e t h a c r v l a t e  m a c r o m o n o m e r 14 
H e x a m e t h y l c y c l o t r i s i l o x a n e  ( D 3)  ( 5 . 0 6  g ,  s u b l i m e d  f r o m  c a l c i u m  h y d r i d e  p r i o r  t o  u s e )  
w a s  p l a c e d  i n  a  t h r e e  n e c k  r o u n d  b o t t o m  f l a s k  o n  a  m a g n e t i c  s t i r r e r .  C y c l o h e x a n e  ( 1 4  
m l ,  d i s t i l l e d )  w a s  a d d e d  t o  t h e  f l a s k  a n d  w a s  s t i r r e d  u n d e r  a  c o n s t a n t  f l o w  o f  n i t r o g e n  
a t  a  r a t e  o f  3 7 0  r p m  u n t i l  t h e  D 3 w a s  d i s s o l v e d .
r i - B u t y l l i t h i u m  w a s  i n j e c t e d  i n  t o  t h e  r e a c t i o n  f l a s k  v i a  a  s e p t u m  s t o p p e r e d  n e c k  t o  
i n i t i a t e  p o l y m e r i s a t i o n .  T h e  r e a c t i o n  w a s  t h e n  s t i r r e d  f o r  t w o  h o u r s  a t  r o o m  
t e m p e r a t u r e .  T e t r a h y d r o f u r a n  ( 1 . 5  m l ,  d i s t i l l e d  f r o m  s o d i u m  a n d  b e n z o p h e n o n e )  w a s  
i n j e c t e d  i n  t o  t h e  r e a c t i o n  f l a s k  v i a  a  s e p t u m  s t o p p e r e d  n e c k  a f t e r  t w o  h o u r s  t o  a l l o w  
p r o p a g a t i o n  t o  o c c u r .  T h i s  r e a c t i o n  w a s  t h e n  l e f t  t o  s t i r  a t  r o o m  t e m p e r a t u r e  f o r  4 8  
h o u r s .
3 - ( M e t h a c r y l o x y ) p r o p y l d i m e t h y l c h l o r o s i l a n e  ( F l u o r o c h e m )  ( 1 . 1 3  m l ,  d i s t i l l e d  u n d e r  
v a c u u m )  w a s  a d d e d  t o  t h e  r e a c t i o n  a f t e r  4 8  h o u r s  t o  t e r m i n a t e  t h e  r e a c t i o n .  A t  t h i s  
p o i n t  l i t h i u m  c h l o r i d e  p r e c i p i t a t e d  o u t  a n d  t h e r e f o r e  w a s  r e m o v e d  b y  f i l t r a t i o n .  T h e n  
t h e  s o l v e n t  w a s  r e m o v e d  a n d  t h e  r e s u l t a n t  p o l y m e r  w a s  w a s h e d  w i t h  m e t h a n o l  a n d  
d r i e d  u n d e r  v a c u u m  i n  a  d e s s i c a t o r  a t  r o o m  t e m p e r a t u r e .  T h e  p r o d u c t s  h a v e  b e e n  
a n a l y s e d  b y  !H  N M R  s p e c t r o s c o p y  a n d  G P C  a n a l y s i s .
Yield:- 3.21 g (63%)
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2 . 3 . 1 .  S y n t h e s i s  o f  C o p o l y m e r  S t a b i l i s e r s
S y n t h e s i s  o f  t h e  c o p o l y m e r s  ( C o p  5 - 5 0 )  ( s c h e m e  2 . 1 ) ,  b y  r e a c t i o n  o f  P D M S - m M A  
w i t h  m e t h y l  m e t h a c r y l a t e ,  w a s  c a r r i e d  o u t  b y  f o l l o w i n g  t h e  p r o c e d u r e  d e s c r i b e d  i n  a  
p a p e r  b y  M c G r a t h  e t  a l . 9 T h i s  m e t h o d  w a s  v e r y  t i m e  c o n s u m i n g  b u t  p r o d u c e d  a  g o o d  
y i e l d  o f  o v e r  5 0 % .
I t  w a s  i m p o r t a n t  t o  h a v e  t h e  r e a c t i o n  p r o c e e d  f o r  f i f t y  h o u r s  a t  a  t e m p e r a t u r e  o f  6 5  ° C  
t o  a c h i e v e  t h e  d e s i r e d  p r o d u c t .  O t h e r w i s e  t h e  c o p o l y m e r  w a s  n o t  f u l l y  f o r m e d  ( t h e  
P D M S - m M A  m a c r o m o n o m e r  d i d  n o t  h a v e  e n o u g h  t i m e  t o  c o p o l y m e r i s e  w i t h  t h e  
m e t h y l  m e t h a c r y l a t e ) .
2,3. Results and Discussion
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o  S i — C 3H 6 —  O
11 c h 3
P D M S - m M A
c h 3
c — c = c h 2 +  C H 3— o — c — c =
I
c h 3
M M A
o  o  c h 3
: C H 2
A I B N
V
( c h 2)3 
c h 3— S i — c h 3
T
C H 3 — S i — C H 3 ] 
C 4H 9
n
C H 3
P D M S - m M A / P M M A  C o p o l y m e r
K e y :  P D M S - m M A  =  P o l y ( d i m e t h y l s i l o x a n e )  m o n o m e t h a c r y l a t e  m a c r o m o n o m e r  
M M A =  M e t h y l  m e t h a c r y l a t e
S c h e m e  2 . 1 .  C o u o l v m e r i s a t i o n  o f  P D M S - m M A  m a c r o m o n o m e r  w i t h  m e t h y l  m e t h a c r y l a t e
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T h e  e n d  p r o d u c t  w a s  p u r i f i e d  b y  e x t e n s i v e  e x t r a c t i o n  w i t h  h e x a n e  t o  r e m o v e  a n y  u n r e a c t e d  
P D M S - m M A  m a c r o m o n o m e r ,  t h e  p e r c e n t a g e  y i e l d  o f  t h e  p r o d u c t  c o u l d  n o t  h a v e  b e e n  h i g h e r  
t h a n  1 0 0 %  d u e  t o  t h e  p r e s e n c e  o f  u n r e a c t e d  m a c r o m o n o m e r .  T h e  h i g h  y i e l d  o f  t h e  p r o d u c t  
( i n  s o m e  c a s e s  o f  o v e r  100% )  w a s  d u e  t o  t h e  e r r o r s  d u r i n g  t h e  c a l c u l a t i o n  o f  t h e  m o l a r  m a s s  
o f  t h e  m a c r o m o n o m e r s ,  a s  e x p l a i n e d  p r e v i o u s l y  i n  s e c t i o n  2 .2 .2 .
T h e  f r e e - r a d i c a l  c o p o l y m e r i s a t i o n  o f  t h e  P D M S - m M A  m a c r o m o n o m e r  w i t h  m e t h y l  
m e t h a c r y l a t e  a f f o r d e d  g r a f t  c o p o l y m e r s .  T h e  c h a r a c t e r i s t i c s  o f  t h e s e  c o p o l y m e r s  w e r e  
d i f f e r e n t  f r o m  e a c h  o t h e r .  C o p  5  w a s  f l a k e s  o f  w h i t e  s o l i d  a n d  h a d  l o w  d e n s i t y  f o r  a l l  t h r e e  
r e l a t i v e  m o l a r  m a s s e s  s u c h  a s  2 ,  5 ,  a n d  1 0  k .
T h e  p r o d u c t s  o f  t h e  p o l y e r i s a t i o n  h a v e  b e e n  a n a l y s e d  b y  N M R ,  F T I R  s p e c t r o s c o p y  a n d  G P C  
a n d  e l e m e n t a l  a n a l y s i s .
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1. Initiation jSteji
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S c h e m e  2 . 2 :  S y n t h e s i s  o f  2  k  v o l v ( d i m e t h v l s i l o x a n e )  m o n o m e t h a c r v l a t e
m a c r o m o n o m e r 5
c h 2
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T h e  p r o c e d u r e  f o r  t h e  s y n t h e s i s  o f  p o l y ( d i m e t h y l s i l o x a n e )  m o n o m e t h a c r y l a t e  w i t h  a  
m o l e c u l a r  w e i g h t  o f  2 k  w a s  a  s i m p l e  m e t h o d  t o  f o l l o w  b u t  i t  w a s  v e r y  d i f f i c u l t  t o  
a c h i e v e  t h e  d e s i r e d  p r o d u c t .  I t  w a s  v e r y  i m p o r t a n t  t o  e n s u r e  t h a t  a l l  t h e  m a t e r i a l s  
w e r e  d i s t i l l e d  a n d  p u r i f i e d ,  a n d  a l l  t h e  g l a s s w a r e  w a s  d r i e d  i n  t h e  o v e n  o v e r n i g h t  p r i o r  
t o  u s e .  I f  t h e  m a t e r i a l s  w e r e  n o t  p u r i f i e d  a n d  t h e  g l a s s w a r e  w a s  n o t  d r i e d ,  t h e  e n d  
p r o d u c t  h a d  a  v e r y  l o w  y i e l d .
T o  s t a r t  t h e  s y n t h e s i s  w - b u t y l l i t h i u m  w a s  a d d e d  t o  t h e  c y c l o h e x a n e  s o l u t i o n  o f  
h e x a m e t h y l c y c l o t r i s i l o x a n e  (D 3) w h i c h  r e s u l t e d  i n  t h e  i n i t i a t i o n  o f  t h e  r i n g - o p e n i n g  
p o l y m e r i s a t i o n  w i t h o u t  c a u s i n g  a n y  f u r t h e r  p r o p a g a t i o n .  T h i s  i s  b e c a u s e  c y c l o h e x a n e  
i s  a  n o n  p o l a r  s o l v e n t  a n d  t h e  l i v i n g  s i l o x a n o l a t e  e x i s t s  a s  a n  i o n  p a i r  w i t h  t h e  l i t h i u m  
c o u n t e r i o n .  T h e n  t h e  p o l a r i t y  o f  t h e  s o l u t i o n  w a s  c h a n g e d  b y  a d d i n g  a  p o l a r  s o l v e n t  
s u c h  a s  t e t r a h y d r o f u r a n  w h i c h  d i s s o c i a t e s  t h e  i o n  p a i r  c a u s i n g  p r o p a g a t i o n  t o  t a k e  
p l a c e  t o  a f f o r d  h i g h  p o l y m e r  o f  c o n t r o l l e d  m o l e c u l a r  w e i g h t  i n  a  l i v i n g  m a n n e r .  T h e  
p o l y m e r i s a t i o n  w a s  t h e n  t e r m i n a t e d  b y  t h e  a d d i t i o n  o f  3 -  
( m e t h a c r y l o x y ) p r o p y l d i m e t h y l c h l o r o s i l a n e  t o  a c h i e v e  m e t h a c r y l a t e  f u n c t i o n a l i s e d  
P D M S - m M A  m a c r o m o n o m e r  ( s c h e m e  2 . 2 ) .
T h e  p r o d u c t s  o f  t h e  p o l y m e r i s a t i o n  w e r e  a n a l y s e d  b y  N M R ,  F T I R  s p e c t r o s c o p y ,  G P C  
a n d  E l e m e n t a l  a n a l y s i s .
2.3.2. Synthesis o f  2 k  PDMS-mMA macromonomer5
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2.3.3. Characterisation of the Copolymers
2 . 3 . 3 . 1 .  F T I R  A n a l y s i s  o f  C o p o l y m e r s
C o p o l y m e r s
P D M S - m M A  m a c r o m o n o m e r s
1 0  k 5 k 2  k
F u n c t i o n a l
g r o u p s
W a v e
n u m b e r
( c m 1)
F u n c t i o n a l
g r o u p s
W a v e
n u m b e r
( c m 1)
F u n c t i o n a l
g r o u p s
W a v e
n u m b e r
( c m 1)
C o p  5
(C=0)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1731
1265,1152
807
1100-1000
760
(C=0)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1728
1265,1152
807
1100-1000
760
(OO)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1731
1265,1152
808
1100-1000
760
C o p  1 0
(OO)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1731
1265,1152
803
1100-1000
760
(C=0)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1731
1265,1152
803
1100-1000
760
(C=0)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1731
1265,1152
807
1100-1000
760
C o p  2 5
( 0 0 ) s
(C-O)s
(Si-O)s
(Si-0)w,b
(Si-CH3)s
1730
1265,1152
803
1100-1000
760
(C=0)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1731
1265,1152
806
1100-1000
760
(C=0)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1731
1265,1152
806
1100-1000
760
C o p  5 0
(C=0)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1731
1265,1152
805
1100-1000
760
(C=0)s
(C-O)s
(Si-O)s
(Si-O)b
(Si-CH3)s
1731
1265,1152
804
1100-1000
760
(C=0)s
(C-O)s
(Si-O)s
(Si-0)b
(Si-CH3)s
1731
1265,1152
804
1100-1000
760
T a b l e  2 .3 .  I R  d a t a  f o r  v a r i o u s  c o p o l y m e r s  o f  d i f f e r e n t  m o l e c u l a r  w e i e h t s  
( N o t e s :  s  -  s t r o n s ,  b  =  b r o a d ,  m  — m e d i u m ,  w  =  w e a k )
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T a b l e  2 . 3  d i s p l a y s  t h e  d a t a  o b t a i n e d  f r o m  t h e  I R  s p e c t r a .  S p e c t r a  f o r  P D M S - m M A  
m a c r o m o n o m e r  a n d  p o l y ( m e t h y l  m e t h a c r y l a t e )  w e r e  a c q u i r e d  t o  o b s e r v e  a b s o r p t i o n s  
o f  i n t e r e s t  s u c h  a s  C = 0 ,  C - O ,  S i - O ,  S i - C H h  e t c ,  s o  t h a t  i t  w o u l d  b e  e a s i e r  t o  a s s i g n  t h e  
a b s o r p t i o n s  o f  t h e  c o p o l y m e r s .  T h e  c a r b o n y l  s t r e t c h 14 a t  1 7 3 1  c m ' 1 f o r  C o p  5  ( 1 0  k )  
a p p e a r s  a p p r o x i m a t e l y  a t  t h e  s a m e  r e g i o n  f o r  t h e  c o p o l y m e r s  b a s e d  o n  P D M S - m M A  
o f  m o l a r  m a s s  o f  5  k  a n d  2  k .  T h e  c a r b o n y l  s t r e t c h 14 f o r  t h e  P M M A  o c c u r s  a t  t h e  
s a m e  r e g i o n  a t  1 7 3 1  c m ' 1.
T h e  a b s o r p t i o n  ( C - O )  b e n d i n g 14 a p p e a r i n g  a t  1 2 6 5  c m '1 a n d  1 1 5 2  c m '1 a r e  s t r o n g  
s i g n a l s  f o r  C o p  5 - 5 0  ( 1 0  k ) .  T h e  a b s o r p t i o n  f o r  ( C - O )  i n  P M M A  a p p e a r s  i n  t h e  r e g i o n  
o f  1 2 4 2  c m ' 1 a n d  1 1 4 8  c m '1 a r e  m e d i u m  s i g n a l s .  T h e  ( C - O )  a b s o r p t i o n  i s  i d e n t i c a l  f o r  
5  k  a n d  2  k  c o p o l y m e r s .
T h e  s i l o x a n e  v i b r a t i o n  b a n d  a p p e a r e d  a t  8 0 3  c m '1 a s  a  s t r o n g  a b s o r p t i o n  f o r  C o p  5  ( 1 0  
k )  a n d  s h i f t e d  s l i g h t l y  t o  a  h i g h e r  f r e q u e n c y  o f  8 0 5  c m '1 f o r  C o p  5 0 .  F o r  5  k  
c o p o l y m e r s  t h i s  v i b r a t i o n  b a n d  a p p e a r e d  a t  8 0 6  c m *1 a n d  f o r  2 k  c o p o l y m e r s  a t  8 0 8  
c m "1 b o t h  a s  a  m e d i u m  a b s o r p t i o n .  F o r  b o t h  o f  t h e s e  m o l a r  m a s s e s  o f  5  a n d  2  k  t h e  
t r e n d  i s  i d e n t i c a l  t o  t h e  10 lc  c o p o l y m e r ,  t h e  a b s o r p t i o n  b e c o m i n g  s t r o n g e r  w i t h  
i n c r e a s i n g  c o n c e n t r a t i o n  w i t h  a  s l i g h t  c h a n g e  o f  f r e q u e n c y .
S i l o x a n e  a l s o  h a s  b r o a d  a b s o r p t i o n s  b e t w e e n  1 1 0 0 - 1 0 0 0  c m '1 15 a n d  9 0 0 - 6 0 0  c m ' 1 15 
w h e r e  n e w  a b s o r p t i o n s  a p p e a r  i n  t h i s  r e g i o n  f o r  C o p  2 0  o n w a r d s  a n d  m e r g e  t o  a  m u c h  
b r o a d e r  a b s o r p t i o n  f o r  C o p  5 0 .  T h e  r e a s o n  f o r  t h i s  c o u l d  b e  t h a t  a  p u r e  s a m p l e  o f  
P D M S - m M A  h a s  a  b r o a d  a b s o r p t i o n  b e t w e e n  1 1 0 0 - 1 0 0 0  c m ' 1 a n d  a s  t h e  
c o n c e n t r a t i o n  o f  t h e  P D M S - m M A  i n  t h e  c o p o l y m e r  i n c r e a s e s  t h e  c h a r a c t e r i s t i c s  o f  t h e  
c o p o l y m e r s  b e c o m e  l i k e  t h e  p u r e  s a m p l e  o f  P D M S  m a c r o m o n o m e r .  T h e r e  i s  a l s o  a  
s t r o n g  s i l o x a n e  a b s o r p t i o n  f o r  S i - C F f y  t h i s  a p p e a r s  a t  7 6 0  c m ' 1 14 f o r  C o p  5  ( 1 0  lc )  a n d
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b e c o m e s  s t r o n g  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  t h e  P D M S - m M A  m a c r o m o n o m e r .  
T h i s  a b s o r p t i o n  a p p e a r s  a r o u n d  t h e  s a m e  r e g i o n  f o r  5  lc  a n d  2  lc  c o p o l y m e r s .
T h e r e f o r e  t h e  b a n d s  f o u n d  i n  t h e  I R  s p e c t r a  p r o v e  t h e  p r e s e n c e  o f  c o p o l y m e r s .  T h e  
p r e s e n c e  o f  t h e  s i l o x a n e  a b s o r p t i o n s  b e t w e e n  1 1 0 0 - 1 0 0 0  c m ' 1,  a n d  7 0 0 - 8 0 6  c m ' 1, 
a l o n g  w i t h  t h e  C = 0  a n d  C - O  a b s o r p t i o n s ,  c o n f i r m  t h e  p r e s e n c e  o f  a  c o p o l y m e r  
p r o d u c t .  F i g u r e  2 . 2  s h o w s  t h e  c o m p a r i s o n  o f  p u r e  P M M A  w i t h  C o p  5 0  ( 1 0  lc )  w h e r e  
t h e  p r e s e n c e  o f  t h e  s i l o x a n e  a b s o r p t i o n s  a r e  o b s e r v e d  i n  t h e  c o p o l y m e r  s p e c t r u m  b u t  
a r e  n o t  p r e s e n t  i n  t h e  P M M A  s p e c t r u m .  F i g u r e  2 . 3  s h o w s  t h e  c o m p a r i s o n  o f  p u r e  
P D M S - m M A  m a c r o m o n o m e r  ( 1 0  k )  w i t h  C o p  5 0  ( 1 0  lc ) ;  t h e  s i l o x a n e  a b s o r p t i o n s  a r e  
c l e a r l y  d i s p l a y e d  a t  t h e  s a m e  r e g i o n  f o r  b o t h  p u r e  P D M S - m M A  m a c r o m o n o m e r  a n d  
t h e  c o p o l y m e r  p r o d u c t  a n d  t h e r e f o r e  c o m p a r a b l e  t o  e a c h  o t h e r .
I t  c a n  b e  c o n f i r m e d  f r o m  t h e s e  o b s e r v a t i o n s  t h a t  t h e  d e s i r a b l e  p r o d u c t  h a s  b e e n  m a d e  
a s  t h e  s i l o x a n e  a b s o r p t i o n s  p r e s e n t  i n  t h e  c o p o l y m e r  s p e c t r u m  a r e  n o t  d u e  t o  
u n r e a c t e d  m a c r o m o n o m e r  ( e x t e n s i v e  e x t r a c t i o n s  w e r e  p e r f o r m e d  t o  r e m o v e  a n y  
u n r e a c t e d  m a c r o m o n o m e r  f r o m  t h e  c o p o l y m e r  p r o d u c t ) .
I R  s p e c t r a  d o  n o t  v a l i d a t e  t h e  f i n d i n g s  a l o n e ,  a n d  t h e r e f o r e  N M R ,  G P C  a n d  e l e m e n t a l  
a n a l y s e s  w e r e  p e r f o r m e d  t o  d e m o n s t r a t e  f u r t h e r  t h a t  t h e  c o r r e c t  p r o d u c t s  h a v e  b e e n  
f o r m e d .
6 6
( a )
(b)
F i s u r e  2 . 1 :  F T I R  a n a l y s i s  o f  ( a )  P M M A  ( b )  1 0  k  5 0 % P D M S - m M A / P M M A
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(a)
( b )
F i s u r e  2 . 2  F T I R  A n a l y s i s  s h o w i n s  c o m p a r i s o n  o f  ( a )  P D M S - m M A  m a c r o m o n o m e r  
w i t h  C o d  5 0  ( 1 0  k ) .  ( b )  P M M A  w i t h  C o d  5 0  ( 1 0  k )
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2.3.3.2. 1I I  NM R Analysis o f  the Copolymers
F igu re  2.3: N M R  spectrum o f  2 k  volv(dimethvlsiloxane) monometliacrvlate macromonomer
Si-C H 3
Figure 2.4: NMR spectrum of 101c polvldimethvlsiloxane) monomethacrvlate macromonomer
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!H NMR (CDCI3): Table 2.4 shows the data collected from the NMR spectra.
Assignment P D M S - m M A  10 k 
macromonomer
P D M S - m M A  2 k 
macromonomer
Cop 5 (10 lc)
Si-CH3 0.07 ppm (s) 0.07 ppm (s) 0.07 ppm (s)
C 4H 9-Si-0 1.68 ppm (s) 
0.60 ppm (m) 
0.15 ppm (m )
1.25 ppm (m) 
0.53 ppm (t) 
O.lOppm(m)
C - C H 3 2.10 ppm (s) 1.95 ppm (s)
Si-C3H c-0 4.50 ppm (t) 
1.68 ppm(s) 
0.80 ppm (s)
4.02 ppm (t) 
1.69 ppm (m) 
0.82 ppm (m)
=c h 2 5.95 ppm (s) 
6.52 ppm (s)
5.43 ppm (s) 
6.01 ppm (s)
o -c h 3
( P M M A )
3.6 ppm (s)
-c h 3
( P M M A )
0.94 ppm (s) 
1.02 ppm (s) 
1.20 ppm (m) 
1.25 ppm (m)
-c h 2-
( P M M A ,  Tactieity)
1.89 ppm (s) 
1.81 ppm (s)
Table 2.4: NMR assignments for PDMS-mMA macromonomer 
and Cop 5 (10 k) copolymer stabiliser
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F i g u r e  2 . 5  b e l o w  a s s i g n s  t h e  r e s o n a n c e s  f r o m  t h e  N M R  s p e c t r u m  o f  a  t y p i c a l  
c o p o l y m e r  s t a b i l i s e r .
9 4 ,  1 . 0 2 ,  1 . 2 0 ,  1 . 2 5 )
C = o  C = o
i
0  o
1 I
( 4 . 5 0 ,  1 . 6 8 ,  0 . 8 0 )  ( C H 2)3 C H 3 ( 3 . 6 )
C H 3— S i — C H 3
I
? »
C H 3— S i - —  C I T 3J (  0 . 0 7 )
C 4H 9 ( 1 . 6 8 ,  0 . 6 0 ,  0 . 1 5 )
F i g u r e  2 . 5 :  R e s o n a n c e s  ( p p m )  f o r  C o y  5 - 5 0  ( 1 0  k )  c o p o l y m e r  s t a b i l i s e r s
F i g u r e  2 . 6  a n d  2 . 7  b e l o w  s h o w s  t y p i c a l  N M R  s p e c t r a  w h i c h  w e r e  o b t a i n e d  f r o m  2  k  
P D M S - m M A  m a c r o m o n o m e r  a n d  f r o m  1 0  k  P D M S - m M A  m a c r o m o n o m e r .  L o o k i n g  
a t  T a b l e  2 . 4  t h e  r e s o n a n c e s  i n  t h e  N M R  s p e c t r a  f o r  t h e  m a c r o m o n o m e r s  o f  r e l a t i v e  
m o l a r  m a s s e s  2 ,  5  a n d  1 0  k  a n d  c o p o l y m e r s  o c c u r  i n  t h e  s a m e  r e g i o n  a n d  a p p e a r  
i d e n t i c a l .  I n  T a b l e  2 . 4  t h e  d a t a  f o r  o n l y  C o p  5  ( 1 0  lc )  a r e  s h o w n  b e c a u s e  t h e  
r e s o n a n c e s  f o r  a l l  t h e  c o p o l y m e r  s t a b i l i s e r s  o c c u r  i n  t h e  s a m e  r e g i o n  f o r  a l l  t h r e e  
m o l a r  m a s s e s .
A s  t h e  c o n c e n t r a t i o n  o f  t h e  m a c r o m o n o m e r  w a s  i n c r e a s e d  f r o m  5 %  t o  5 0 % ,  t h e  
i n t e n s i t i e s  o f  t h e  r e s o n a n c e s  b e c a m e  m u c h  s t r o n g e r  a n d  m o s t  p r o n o u n c e d ,  m o r e  l i k e  
t h e  s p e c t r u m  o f  P D M S - m M A  i t s e l f  a s  t h e r e  w a s  s u c h  a  h i g h  c o n c e n t r a t i o n  o f  
m a c r o m o n o m e r  p r e s e n t  i n  C o p  5 0  c o p o l y m e r  ( F i g u r e  2 . 6 )  t h a n  c o p o l y m e r  C o p  5 .
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F isu re  2.7:- 1H  N M R  analysis o f  copolymer Coy 50 (2 k)
T h e  r e s o n a n c e s  a t  8 0 . 9 4 ,  1 . 0 2 ,  1 . 2 0  a n d  1 . 2 5  f o r  C o p  5 - 5 0  a r i s e  f r o m  t h e  C H 3 
o c c u r r i n g  f r o m  t h e  p o l y m e r i s a t i o n  o f  m e t h y l  m e t h a c r y l a t e  a n d  t h e  m a c r o m o n o m e r .  
T h e  r e s o n a n c e s  a t  8 1 . 2 0  a n d  1 . 2 5  a p p e a r  a s  s m a l l  u n r e s o l v e d  m u l t i p l e t s  a n d  n o t  a s  
d i s t i n c t  a s  t h e  o t h e r  t w o  s i n g l e t s  a t  8 0 . 9 4 ,  a n d  1 . 0 2 .  T h e  r e s o n a n c e  a t  8 1 . 6 1  i s  a  
s t r o n g  s i n g l e t  i n  t h e  N M R  s p e c t r a  f o r  C o p  5 - 5 0  a n d  i s  d u e  t o  w a t e r 16 a s  a  r e s i d u a l  
s o l v e n t  i n  C D C I 3.
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T h e r e  i s  a  d i s a p p e a r a n c e  o f  t h e  v i n y l  p r o t o n s  ( = C H 2)13 f r o m  t h e  N M R  s p e c t r a  o f  t h e  
c o p o l y m e r s  ( t h e s e  a p p e a r e d  i n  t h e  P D M S - m M A  s p e c t r u m  a s  t w o  s i n g l e t s  a n d  8 5 . 4 3  
a n d  6 . 0 1 ) .  T h i s  s h o w s  t h a t  t h e r e  w a s  n o  d e t e c t a b l e  m o n o m e r  p r e s e n t  i n  t h e  
c o p o l y m e r s .
T h e  r e s o n a n c e s  a p p e a r i n g  a t  8 1 . 8 1  a n d  1 . 8 9  a s  a  s i n g l e t s  a r e  t h e  t a c t i c i t y  r e s o n a n c e s  
d u e  t o  t h e  - C H 2-  f r o m  t h e  P M M A  b a c k b o n e  a n d  s h o w  t h e  s t e r e o c h e m i s t r y  o f  t h e  
r e a c t i o n 17’18 ( f i g u r e  2 . 8 ,  P M M A ) .  T h e  p o l y m e r i s a t i o n  o f  t h e  m e t h y l  m e t h a c r y l a t e  a n d  
t h e  m e t h a c r y l a t e  g r o u p  o f  t h e  m a c r o m o n o m e r  l e a d s  t o  t h e  f o r m a t i o n  o f  t h e  s t r u c t u r e s  
w h i c h  r e s u l t  i n  t h e s e  r e s o n a n c e s .
F i g u r e  2 . 8 : -  1H  N M R  a n a l y s i s  o f  p u r e  P M M A
73
F i s u r e  2 . 9 : -  l H  N M R  a n a l y s i s  c o n w a r i n s  P u r e  P M M A  w i t h  C o p  5 0  ( 1 0  k )
F i g u r e  2 . 9  s h o w s  o v e r l a y e d  s p e c t r a  o f  p u r e  P M M A  a n d  o f  C o p  5 0  ( 1 0  k )  c o p o l y m e r  
s t a b i l i s e r ,  t o  s h o w  t h e  d i f f e r e n c e  b e t w e e n  p u r e  P M M A  a n d  t h e  c o p o l y m e r .  T h e  
c o p o l y m e r  s p e c t r u m  c l e a r l y  s h o w s  t h e  p r e s e n c e  o f  t h e  p r o t o n  f r o m  t h e  s i l o x a n e  
r e s o n a n c e  a t  5  0 . 0 7  w h i c h  a r i s e s  f r o m  t h e  S 1- C H 3 p r e s e n t  i n  t h e  P D M S - m M A  
m a c r o m o n o m e r .  T h i s  r e s o n a n c e  c o u l d  n o t  h a v e  o c c u r r e d  d u e  t o  t h e  p r e s e n c e  o f  a n y  
u n r e a c t e d  m a c r o m o n o m e r  i n  t h e  c o p o l y m e r  p r o d u c t  a s  e x t e n s i v e  e x t r a c t i o n s  w e r e  
p e r f o r m e d  t o  r e m o v e  a n y  u n r e a c t e d  m a c r o m o n o m e r  f r o m  t h e  c o p o l y m e r  p r o d u c t .  
T h e r e f o r e  o n e  c a n  s a y  t h a t  t h e  d e s i r e d  p r o d u c t  h a s  b e e n  f o r m e d ,  a l t h o u g h  N M R  a l o n e  
c a n n o t  c o n f i r m  t h a t  t h e  p r o d u c t  i n  n o t  a  m i x t u r e ,  ( G P C  a n d  e l e m e n t a l  a n a l y s e s  w e r e  
p e r f o r m e d  f o r  f u r t h e r  c o n f i r m a t i o n ) .
T a b l e  2 . 5  s h o w s  t h e  s t e r e o c h e m i s t r y  o f  t h e  d i f f e r e n t  c o p o l y m e r s  a t  d i f f e r e n t  
m a c r o m o n o m e r  m o l a r  m a s s e s .
74
M o l a r  m a s s
o f
P D M S - m M A
C o p o l y m e r  s t a b i l i s e r
C o p  5 C o p  1 0 C o p  2 5 C o p  5 0
S y n : H e t : S y n : H e t : S y n : H e t : S y n : H e t :
1 0  k g 5 4 4 6 5 2 4 8 5 2 4 8 5 1 4 9
5  k g 5 1 4 9 5 1 4 9 5 1 4 9 5 1 4 9
2  k g 5 8 4 2 5 1 4 9 5 1 4 9 5 1 4 9
T a b l e  2 . 5 :  S t e r e o c h e m i s t r y  ( % )  o f  t h e  c o v o l v m e r  s t a b i l i s e r s  
( N o t e :  S v n :  S v n d i o t a c t i c . H e t :  H e t e r o t a c t i c )
T h e  p r o d u c t s  c o n t a i n e d  v e r y  s m a l l  a m o u n t s  o f  i s o t a c t i c  s t e r e o c h e m i s t r y ;  t h e s e  c o u l d  
n o t  b e  m e a s u r e d ,  a s  t h e  r e s o n a n c e  i s  n o t  a s  c l e a r  a s  f o r  s y n d i o t a c t i c  a n d  h e t e r o t a c t i c .
T h e  s t e r e o c h e m i s t r y  o f  t h e  P M M A  ( F i g u r e  2 . 8 )  s h o w s  6 0 %  s y n d i o t a c t i c ,  4 0 %  
h e t e r o t a c t i c ,  a n d  v e r y  l i t t l e  i s o t a c t i c  r e s o n a n c e s .
T h e  N M R  d a t a  c o u l d  a l s o  b e  u s e d  t o  w o r k  o u t  a n  a p p r o x i m a t e  v a l u e  f o r  t h e  m o l a r  
m a s s  o f  t h e  P D M S - m M A  m a c r o m o n o m e r 1 3 . T h e  m a c r o m o n o m e r s  u s e d  i n  t h e s e  
r e a c t i o n s  h a d  m o l a r  m a s s e s  o f  1 0  k ,  5  lc ,  a n d  2  lc . T h e  r a t i o  o f  t h e  P D M S - m M A  s i g n a l  
t o  o n e  o f  t h e  v i n y l  p r o t o n  s i g n a l s  w a s  t a k e n  t o  c a l c u l a t e  t h e  m o l a r  m a s s e s ,  w h i c h  w e r e  
a p p r o x i m a t e l y  9 6 0 0  g  f o r  1 0  lc ,  5 5 0 0  g  f o r  5  lc  a n d  2 8 0 0  g  f o r  2  lc . I t  w a s  t a k e n  i n t o  
c o n s i d e r a t i o n  t h a t  t h e  e r r o r  i n  t h i s  c a l c u l a t i o n  w o u l d  h a v e  b e e n  s i g n i f i c a n t  a s  t h e r e  
w a s  a  l a r g e  d i f f e r e n c e  b e t w e e n  t h e  i n t e g r a l s  o f  e a c h  s i g n a l .
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I t  w a s  i m p o r t a n t  t o  c a l c u l a t e  h o w  m u c h  o f  t h e  P D M S - m M A  m a c r o m o n o m e r  h a s  
i n c o r p o r a t e d  i n t o  t h e  c o p o l y m e r .  T h i s  w a s  c a l c u l a t e d  f r o m  t h e  N M R  s p e c t r u m  o f  
e a c h  c o p o l y m e r  b y  t a k i n g  t h e  r a t i o  o f  t h e  m e t h o x y  p r o t o n  s i g n a l  f r o m  M M A  t o  t h e  
S i - C H 3 s i g n a l  f r o m  t h e  P D M S - m M A  o f  t h e  c o p o l y m e r ,  f o r  e a c h  n o m i n a l  m o l a r  m a s s .  
T a b l e  2 . 6  s h o w s  t h e  r e s u l t s  o b t a i n e d  f r o m  t h i s  c a l c u l a t i o n .
C o p o l y m e r
%  i n c o r p o r a t i o n  o f  P D M S - m M A
1 0  k 5 k 2  k
C o p  5 4 . 9 7 1 . 5
C o p  1 0 8 . 3 9 . 8 3 . 4
C o p  2 5 1 6 1 6 9 . 2
C o p  5 0 21 2 6 1 5
T a b l e  2 . 6 :  %  I n c o r p o r a t i o n  o f  P D M S - m M A  i n  v a r i o u s  c o p o l y m e r s  o f  d i f f e r e n t
m o l a r  m a s s
T h e  a b o v e  T a b l e  s h o w s  t h a t ,  a s  e x p e c t e d ,  t h e  %  i n c o r p o r a t i o n  o f  P D M S - m M A  i n  t h e  
c o p o l y m e r s  i n c r e a s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o f  t h e  m a c r o m o n o m e r ,  b u t  n o t  i n  
e x a c t l y  t h e  w a y  e x p e c t e d .  T h e  %  i n c o r p o r a t i o n  f o r  C o p  5  ( 5  lc )  s e e m e d  a  l i t t l e  h i g h  
a n d  f o r  C o p  2 5  a n d  C o p  5 0  i s  a  b i t  l o w .  I t  c o u l d  b e  t h a t  t h e  i n c o r p o r a t i o n  o f  t h e  
P D M S - m M A  m a c r o m o n o m e r  i n t o  t h e  c o p o l y m e r  c h a i n  o n l y  w o r k s  w e l l  w i t h  l o w e r  
c o n c e n t r a t i o n s ,  f o r  e x a m p l e  o n l y  f o r  t h e  c o n c e n t r a t i o n  o f  5 %  a n d  1 0 %  P D M S - m M A ,  
p e r h a p s  f o r  s t e r i c  r e a s o n s .  T h e  %  i n c o i p o r a t i o n  f o r  2  lc  i s  v e r y  l o w  a s  w e l l .  T h e  y i e l d  
( T a b l e  2 . 1 )  o f  t h e  p r o d u c t s  h a d  b e e n  v e r y  g o o d  a n d  w a s  c o n s i s t e n t  w i t h  t h e
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i n c o r p o r a t i o n  o f  t h e  P D M S - m M A  m a c r o m o n o m e r  i n t o  t h e  c o p o l y m e r  c h a i n  a s  t h e  
m a s s  i n c r e a s e d  w i t h  t h e  i n c r e a s i n g  c o n c e n t r a t i o n  o f  t h e  m a c r o m o n o m e r .  T h e  
l i t e r a t u r e 11 a l s o  s u g g e s t s  t h a t  i n c o r p o r a t e d  a m o u n t s  a r e  c l o s e  t o  t h e  c h a r g e d  a m o u n t ,  
a s  d i s c u s s e d  e a r l i e r  i n  t h e  I n t r o d u c t i o n  ( c h a p t e r  1 ) ,  b u t  t h e r e  w e r e  n o  q u a n t i t a t i v e  d a t a  
p r e s e n t e d  b y  t h a t  a u t h o r  f o r  c o m p a r i s o n  w i t h  t h e  d a t a  i n  T a b l e  2 . 6 .
2 . 3 . 3 . 3 .  G e l - v e r m e a t i o n  c h r o m a t o e r a v h v  o f  C o v o l v m e r s
T h e  c o p o l y m e r  s t a b i l i s e r s  h a v e  b e e n  a n a l y s e d  b y  G P C  t o  d e t e r m i n e  t h e i r  m o l a r  m a s s  
a n d  m o l a r  m a s s  d i s t r i b u t i o n .
S t a b i l i s e r s 1 0  k g 5  k g 2  k g
M n M w P d M n M w P d M n P d
Cop 5 2 6 0 0 0 4 3 7 0 0 1.68 2 7 0 0 0 5 3 2 0 0 1 . 9 6 2 5 5 0 0 4 4 7 0 0 1 . 7 6
Cop 10 2 8 9 0 0 5 2 9 0 0 1 . 8 2 5 9 0 0 7 6 0 0 0 1 . 8 7 2 4 7 0 0 4 0 0 0 0 1 . 6 3
Cop 25 2 4 6 0 0 4 7 2 0 0 1 . 9 1 3 2 1 0 0 5 1 7 0 0 1 . 6 1 2 3 8 0 0 4 1 3 0 0 1 . 7 3
Cop 50 3 2 7 0 0 5 9 7 0 0 1 . 8 2 3 3 6 8 5 6 9 2 1 . 6 9 7 9 1 3 20000 1 . 7 8
P D M S -m M A
macromonome
r
1 2 5 4 0 1 3 9 1 9 1 . 0 4 5 5 1 2 5 8 4 9 1 . 0 6 4 1 4 4 4 4 7 0 1 . 0 7
T a b l e  2 . 7 : -  G P C  a n a l y s i s  o f  c o v o l v m e r  s t a b i l i s e r s  f o r  d i f f e r e n t  m a c r o m o n o m e r s
T h e  p o l y d i s p e r s i t y  o f  P M M A  i s  1 . 8 9  a n d  t h e  p o l y d i s p e r s i t y  o f  t h e  c o p o l y m e r s  r a n g e  
f r o m  1 . 6 1  t o  1 . 9 6  a n d  d o  n o t  h a v e  a n  o b v i o u s  p a t t e r n .  C o m p a r i n g  t h i s  p o l y d i s p e r s i t y  
o f  t h e  c o p o l y m e r s  t o  t h e  P D M S - m M A  m a c r o m o n o m e r s ,  m o l a r  m a s s  o f  1 0  lc ,  5  k ,  a n d
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2 k  m a c r o m o n o m e r  p r e s e n c e  l e a d  t o  a  m u c h  l o w e r  v a l u e  f o r  p o l y d i s p e r s i t y  t h a n  t h e  
P M M A  a n d  t h e  c o p o l y m e r s .
T h e  m o l a r  m a s s  d a t a  ( T a b l e  2 . 7 )  f o r  1 0  k  r a n g e s  f r o m  4 3 7 0 0 - 5 9 7 0 0  f o r  c o p o l y m e r  
s t a b i l i s e r s  c o n t a i n i n g  c o n c e n t r a t i o n s  o f  5 %  t o  5 0 %  ( w r t  M M A )  P D M S - m M A .  
A l t h o u g h  t h e  m o l a r  m a s s  i n c r e a s e s  g r a d u a l l y  f r o m  C o p  5  t o  C o p  5 0 ,  a  s i m p l e  p a t t e r n  
i s  n o t  o b s e r v e d  a s  C o p  1 0  h a s  h i g h e r  m o l a r  m a s s  t h a n  C o p  2 5 .  C o p o l y m e r s  f o r m e d  
f r o m  5  k  a n d  2  k  m a c r o m o n o m e r s  d o  n o t  h a v e  a  p a t t e r n  i n  t h e i r  m o l a r  m a s s  d a t a  
e i t h e r ,  i n  f a c t  t h e  m o l a r  m a s s  f o r  C o p  5 0  i s  m u c h  l o w e r  f o r  b o t h  5  lc  a n d  2  lc  
m a c r o m o n o m e r s  t h a n  f o r  C o p  5  c o p o l y m e r .
T h e  2  lc  c o p o l y m e r s  h a v e  n a r r o w e r  m o l a r  m a s s  d i s t r i b u t i o n  t h a n  5  lc  c o p o l y m e r s ,  a n d  
5  lc  c o p o l y m e r s  h a v e  n a r r o w e r  m o l a r  m a s s  d i s t r i b u t i o n  t h a n  1 0  lc  c o p o l y m e r s .  T h e  
c h r o m a t o g r a m s  ( F i g u r e s  2 . 9 - 2 . 1 0 )  d i s p l a y  t h e  G P C  r e s u l t s .  L o o k i n g  a t  t h e  G P C  p l o t s  
o n e  c a n  d e d u c e  t h a t  t h e  d e s i r e d  c o p o l y m e r  p r o d u c t  h a s  b e e n  f o r m e d .  T h i s  c a n  b e  
i d e n t i f i e d  b y  c o m p a r i n g  F i g u r e  2 . 9  s h o w i n g  G P C  r e s u l t s  f o r  a  c o p o l y m e r  a n d  2.11 
s h o w i n g  G P C  r e s u l t s  f o r  p u r e  P D M S - m M A  m a c r o m o n o m e r .  F i g u r e  2 . 1 1  s h o w s  t h a t  
a  v e r y  s m a l l  p e a k  f o r  t h e  m a c r o m o n o m e r  a p p e a r i n g  a r o u n d  1 4  m i n u t e s ,  w h i c h  i s  n e a r  
t h e  e n d  r u n  f o r  t h e  c o p o l y m e r .  G P C  f o r  t h e  c o p o l y m e r  ( C o p  5 0  ( 1 0  lc )  a n d  C o p  5 0  ( 2  
l c )  )  s h o w s  a  s y m m e t r i c a l  p e a k  w h i c h  d o e s  n o t  h a v e  a n y  s h o u l d e r  t h a t  w o u l d  s h o w  t h e  
p r e s e n c e  o f  m a c r o m o n o m e r .  I f  t h e r e  a r e  a n y  m a c r o m o n o m e r  p r e s e n t  i n  t h e  
c o p o l y m e r  p r o d u c t ,  i t  w o u l d  a p p e a r  i n  t h e  G P C  ( F i g u r e  2 . 9 )  a s  a  s h o u l d e r  a t  t h e  e n d  
o f  t h e  r u n ,  a r o u n d  1 4  m i n u t e s .  T h i s  a g a i n  p r o v e s  t h a t  t h e  d e s i r a b l e  c o p o l y m e r  
p r o d u c t s  h a v e  b e e n  f o r m e d .
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F i g u r e  2 . 9 :  G P C  a n a l y s i s  o f  C o p  5 0  ( 1 0  k )  c o p o l y m e r
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F i g u r e  2 . 1 1 :  G P C  a n a l y s i s  o f  P D M S - m M A  M a c r o m o n o m e r  ( 1 0  k )
( N o t e :  T h e  G P C  a n a l y s i s  F i g u r e  2 . 9  a n d  2 . 1 0  w e r e  s c a n n e d  o n  a  d i f f e r e n t
i n s t r u m e n t  t h a n  f i g u r e  2 . 1 1 )
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T h e  c o p o l y m e r  s t a b i l i s e r s  h a v e  a l s o  b e e n  a n a l y s e d  b y  e l e m e n t a l  a n a l y s i s  a s  s h o w n  i n  
T a b l e  2 . 8 : -
23.3.4. Elemental Analysis (CHN) o f  the Copolymers
M o l a r  m a s s  o f C o n e ,  o f T h e o r e t i c a l A c t u a l  v a l u e s
m a c r o m o n o m e r
m a c r o m o n o m e r v a l u e s
i n  c o p o l y m e r  
( w t %  m o n o m e r )
C H C H
1 0  k g 5 % 5 5 . 7 0 8 . 9 1 5 6 . 8 2 8 . 4 2
1 0 % 5 7 . 3 5 8.20 5 7 . 9 2 8 . 3 8
2 5 % 5 5 . 0 1 7 . 9 8 5 5 . 1 0 8 . 4 5
5 0 % 5 2 . 3 0 8 . 2 9 5 2 . 4 3 8 . 4 5
5  k g 5 % 5 8 . 3 9 8.01 5 8 . 9 0 8 . 3 7
1 0 % 5 6 . 1 9 8 . 2 9 5 7 . 6 5 8 . 5 5
2 5 % 5 5 . 2 0 7 . 9 1 5 4 . 9 5 8 . 4 3
5 0 % 5 1 . 3 5 8.22 5 1 . 4 0 8 . 5 1
2  k g 5 % 5 8 . 1 0 7 . 6 5 5 8 . 8 5 8 . 3 2
1 0 % 5 7 . 3 9 7 . 8 9 5 8 . 5 2 7 . 9 5
2 5 % 5 4 . 0 1 8.21 5 4 . 9 8 8 . 0 4
5 0 % 5 5 . 2 3 8 . 3 2 5 5 . 7 5 8 . 4 9
T a b l e  2 . 8 :  E l e m e n t a l  a n a l y s i s  o f  c o p o l y m e r  s t a b i l i s e r s
E l e m e n t a l  a n a l y s i s  ( C H N )  i s  p e r f o r m e d  t o  m e a s u r e  t h e  p e r c e n t a g e  o f  c a r b o n  a n d  
h y d r o g e n  p r e s e n t  i n  t h e  c o p o l y m e r s .  A  f a i r  c o r r e l a t i o n  i s  o b s e r v e d  b e t w e e n  t h e  
t h e o r e t i c a l  C H N  v a l u e s  a n d  t h e  a c t u a l  e x p e r i m e n t a l  v a l u e s  f o r  t h e  c o p o l y m e r  
s t a b i l i s e r s .  H o w e v e r ,  s m a l l  d i f f e r e n c e  b e t w e e n  t h e  t h e o r e t i c a l  v a l u e s  a n d  a c t u a l  
v a l u e s  a r e  o b s e r v e d  i n  s o m e  c a s e s ,  w h i c h  c o u l d  b e  a t t r i b u t e d  t o  t r a p p e d  s o l v e n t  o r  
r e s i d u a l  u n r e a c t e d  m o n o m e r s ,  a l t h o u g h  t h e r e  w a s  n o  e v i d e n c e  o f  t h i s  i n  t h e  l H  N M R  
s p e c t r a .
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T o  c o n c l u d e  t h i s  c h a p t e r ,  t h e  P D M S - m M A  m a c r o m o n o m e r  w a s  u s e d  s u c c e s s f u l l y  f o r  
t h e  s y n t h e s i s  o f  c o p o l y m e r s  s t a b i l i s e r s  u s i n g  f r o m  m a c r o m o n o m e r s  o f  d i f f e r e n t  m o l a r  
m a s s e s  s u c h  a s  1 0  k ,  5  k  a n d  2  lc . T h e  c o p o l y m e r  s t a b i l i s e r s  h a v e  b e e n  a n a l y s e d  b y  
! H  N M R ,  F T I R  s p e c t r o s c o p y ,  G P C  a n d  e l e m e n t a l  a n a l y s i s ,  w h i c h  a l l  c o n f i r m e d t h e  
s y n t h e s i s  o f  c o p o l y m e r s .  l H  N M R  a n a l y s i s  d i s p l a y e d  t h e  p r e s e n c e  o f  S i - C H / j  
r e s o n a n c e  a t  8 0 . 0 7  f r o m  t h e  P D M S - m M A  m a c r o m o n o m e r .  T h e  p r e s e n c e  o f  t h e  
p r o t o n  i n  t h e  s i l o x a n e  r e s o n a n c e  c o u l d  n o t  b e  d u e  t o  t h e  u n r e a c t e d  m a c r o m o n o m e r  
p r e s e n t  i n  t h e  c o p o l y m e r  p r o d u c t ,  a s  e x t e n s i v e  e x t r a c t i o n  h a s  b e e n  e a r n e d  o u t  t o  
r e m o v e  a n y  u n r e a c t e d  m a c r o m o n o m e r .
! H  N M R  s p e c t r a  o f  t h e  c o p o l y m e r s  w e r e  u s e d  t o  d e t e r m i n e  t h e  s t e r e o c h e m i s t r y  o f  t h e  
c o p o l y m e r  s t a b i l i s e r s ,  w h i c h  c o n s i s t e d  o f  a  m i x t u r e  o f  s y n d i o t a c t i c  a n d  h e t e r o t a c t i c .  
T h e  p e r c e n t a g e  i n c o r p o r a t i o n  o f  t h e  m a c r o m o n o m e r  i n  e a c h  o f  t h e  c o p o l y m e r s  w a s  
a l s o  c a l c u l a t e d  f r o m  t h e  N M R  s p e c t r a ;  t h e  p e r c e n t a g e  i n c o r p o r a t i o n  i s  c o n s i s t e n t  f o r  
c o n c e n t r a t i o n s  o f  C o p  5  a n d  C o p  1 0  a n d  f o r  C o p  2 5  a n d  C o p  5 0  t h e  p e r c e n t a g e  
i n c o r p o r a t i o n  i s  l o w e r  t h a n  e x p e c t e d .  P r o t o n  N M R  s p e c t r a  a r e  a l s o  u s e d  t o  c a l c u l a t e  
t h e  m o l a r  m a s s e s  o f  e a c h  o f  t h e  P D M S - m M A  m a c r o m o n o m e r s ,  a n d  t h e  c a l c u l a t e d  
v a l u e s  w e r e  c l o s e r  t o  t h e  a c t u a l  m o l a r  m a s s e s .
T o  c o m p l e m e n t  t h e  N M R  a n a l y s e s ,  F T I R  s p e c t r a h a v e  a l s o  b e e n  r e c o r d e d t o  e n s u r e  t h e  
d e s i r e d  p r o d u c t s  h a v e  b e e n  f o r m e d .  F T I R  a n a l y s i s  a l s o  d e t e r m i n e d  t h e  p r e s e n c e  o f  
s i l i c o n  i n  t h e  c o p o l y m e r  s a m p l e s  b y  d i s p l a y i n g  t h e  ( S i - O )  a n d  ( S i - C H s )  a b s o r p t i o n ,  
w h i c h  i s  a s s i g n e d  t o  t h e  P D M S - m M A  m a c r o m o n o m e r .  C o m p a r i s o n  o f  t h e  p u r e  
P D M S - m M A  m a c r o m o n o m e r  a n d  t h e  c o p o l y m e r  p r o d u c t  h a d  b e e n  d o n e  t o  e n s u r e
2.4. Conclusion
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t h a t  t h e  c h a r a c t e r i s t i c  a b s o r p t i o n s  a r e  p r e s e n t  ( t h e  s i l o x a n e  a b s o r p t i o n s  a t  1100-1000 
c m ' 1 a n d  9 0 0 - 6 0 0  c m ' 1) .
C o p o l y m e r  s t a b i l i s e r s  h a v e  b e e n  i n v e s t i g a t e d  f u r t h e r  w i t h  G P C  a n a l y s i s  w h i c h  
s h o w e d  t h e  d i f f e r e n t  m o l a r  m a s s  a n d  t h e  p o l y d i s p e r s i t y  o f  t h e  c o p o l y m e r  s t a b i l i s e r s .  
A n  i m p o r t a n t  o b s e r v a t i o n  m a d e  f r o m  t h e  G P C  a n a l y s i s  i s  t h a t ,  w h e n  t h e  G P C  p l o t s  o f  
t h e  c o p o l y m e r  s t a b i l i s e r s  a r e  c o m p a r e d  w i t h  t h e  p u r e  P D M S - m M A  m a c r o m o n o m e r ,  a  
v e r y  s m a l l  p e a k  f o r  t h e  m a c r o m o n o m e r  a p p e a r s  a r o u n d  1 4  m i n u t e s ,  w h i c h  i s  n e a r  t h e  
e n d  o f  t h e  r u n  f o r  t h e  c o p o l y m e r .  G P C  f o r  t h e  c o p o l y m e r  s h o w s  a  s y m m e t r i c a l  p e a k  
w h i c h  d o e s  n o t  c o n t a i n  a n y  s h o u l d e r  d u e  t o  t h e  p r e s e n c e  o f  a n y  m a c r o m o n o m e r .  I f  
t h e r e  a r e  a n y  m a c r o m o n o m e r  p r e s e n t  i n  t h e  c o p o l y m e r  p r o d u c t ,  i t  w o u l d  a p p e a r  i n  t h e  
G P C  a s  a  s h o u l d e r  a t  t h e  e n d  o f  t h e  m n  ( a r o u n d  1 4  m i n u t e s )  b u t  t h i s  i s  n o t  o b s e r v e d .  
T h i s  a g a i n  p r o v e s  t h a t  t h e  d e s i r e d  c o p o l y m e r  p r o d u c t s  h a v e  b e e n  f o r m e d .
T h e  e l e m e n t a l  a n a l y s e s  d e t e r m i n e d  t h e  p e r c e n t a g e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  
s t a b i l i s e r s .  W h e n  l o o k i n g  a t  a l l  t h e  a n a l y s e s  t o g e t h e r  ( N M R ,  F T I R ,  G P C  a n d  
E l e m e n t a l  a n a l y s i s ) ,  a l l  d a t a  a r e  c o n s i s t e n t  w i t h  t h e  d e s i r e d  c o p o l y m e r  s t a b i l i s e r s  
h a v i n g  b e e n  m a d e  s u c c e s s f u l l y .
T h e s e  c o p o l y m e r  s t a b i l i s e r s  w i l l  b e  a s s e s s e d  l a t e r  a s  d i s p e r s i o n  s t a b i l i s e r s  f o r  r e ­
d i s p e r s i o n  o f  p r e f o r m e d  p o l y ( m e t h y l  m e t h a c r y l a t e )  i n  s u p e r c r i t i c a l  c a r b o n  d i o x i d e .
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CHAPTER 3
D i s p e r s i o n  p o l y m e r i s a t i o n  i n  s c C C E  h a s  b e e n  k n o w n  s i n c e  1 9 9 4 1 , w h e n  D e S i m o n e  
r e p o r t e d  t h e  f i r s t  s u c c e s s f u l  d i s p e r s i o n  p o l y m e r i s a t i o n  i n  s c C C E .  I n  t h i s  c h a p t e r  
d i s p e r s i o n  p o l y m e r i s a t i o n  w i t h  s y n t h e s i s e d  c o p o l y m e r  s t a b i l i s e r s  ( p r o d u c t s  f r o m  
c h a p t e r  2)  i n  S C C O 2 h a s  b e e n  i n v e s t i g a t e d .
A s  s u r f a c t a n t s  o r  s t a b i l i s e r s  p l a y  a n  i m p o r t a n t  r o l e  i n  d i s p e r s i o n  p o l y m e r i s a t i o n ,  t h e  
r o l e  o f  s u r f a c t a n t s  n e e d s  t o  b e  l o o k e d  a t  c l o s e l y .  S u r f a c t a n t s  i n c l u d e  d i b l o c l c  
c o p o l y m e r s  o r  a m p h i p h i l i c  m a c r o m o l e c u l e s 2 . A d d i t i o n  o f  s u r f a c t a n t  t o  s c  C O 2 w o u l d  
a l l o w  d i s p e r s i o n  o f  m a t e r i a l s  t h a t  a r e  r e l a t i v e l y  i n s o l u b l e  i n  p u r e  C O 2. T r a d i t i o n a l  
s u r f a c t a n t s  t h a t  a r e  d e s i g n e d  f o r  u s e  i n  a n  a q u e o u s  o r  o r g a n i c  c o n t i n u o u s  p h a s e  a r e  n o t  
n o r m a l l y  s o l u b l e  i n  C O 23 . T h e r e f o r e  s y n t h e s i s  o f  s u i t a b l e  s u r f a c t a n t s  f o r  u s e  w i t h  
C O 2 h a s  c r e a t e d  a  l o t  o f  i n t e r e s t .  S t a b i l i s e r  c o m p o u n d s  h a v e  b e e n  d e v e l o p e d  t o  
s t a b i l i s e  t h e  p o l y m e r  c o l l o i d  i n  C O 2. T h e s e  c o m p o u n d s  c o n t a i n  a  C C V p h i l i c  e n d  
w h i c h  i s  s o l u b l e  i n  t h e  c o n t i n u o u s  p h a s e  a n d  a  C C V p h o b i c  e n d  w h i c h  h a s  a  h i g h  
a f f i n i t y  t o  t h e  p o l y m e r  p h a s e .  T h e  C C V p h o b i c  p o r t i o n  o f  t h e  m o l e c u l e  a c t s  l i k e  a n  
a n c h o r  t h a t  w o u l d  a t t a c h  t o  t h e  s u r f a c e  o f  t h e  p o l y m e r  p a r t i c l e  b y  p h y s i c a l  a d s o r p t i o n  
o r  c h e m i c a l  g r a f t i n g .  T h e  C C h - p h i l i c  e n d  p r e v e n t s  f l o c c u l a t i o n  o f  p a r t i c l e s  i n  t h e  
c o n t i n u o u s  p h a s e  b y  c a u s i n g  r e p u l s i o n  w h i c h  i s  s t r o n g e r  t h a n  t h e  v a n  d e r  W a a l s  
a t t r a c t i o n s  2’4 ' 6 .
P o l y ( F O A )  (  i  )  ( F i g u r e  3 . 1 )  i s  a  c o m b - t y p e  h o m o p o l y m e r  w h i c h  h a s  a n  a n c h o r i n g  
p a r t  l i k e  a n  a c r y l i c  a n d  a  f l u o r i n a t e d  C C E - p h i l i c  s i d e  c h a i n .  B l o c k  c o p o l y m e r s  o f  
p o l y ( s t y r e n e )  a n d  p o l y ( F O A )  o r  p o l y ( d i m e t h y l s i l o x a n e )  h a v e  a l s o  b e e n  p r e p a r e d  
w h e r e  t h e  C 02- p h i l i c  p a r t  i s  t h e  s i l o x a n e  o r  t h e  f l u o r i n a t e d  b l o c k s .
3.1. Introduction
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P o l y ( d i m e t h y l s i l o x a n e )  m o n o m e t h a c r y l a t e  m a c r o m o n o m e r  ( P D M S - m M A )  h a s  b e e n  
v e r y  s u c c e s f u l  a s  a  s u r f a c t a n t  a s  i t  c o n t a i n s  a  m e t h a c r y l a t e  g r o u p  t h a t  i s  a  r e a c t i v e  
g r o u p  t h a t  c a n  c o p o l y m e r i s e  t o  f o r m  g r a f t  c o p o l y m e r s  ’ ’ ’ .
T h e s e  s t a b i l i s e r s  h a v e  a  ‘ C O 2 p h i l i c ’ g r o u p  ( f l u o r i n a t e d  o r  s i l o x a n e  b a s e d )  w h i c h  c a n  
a c t  a s  a  s t e r i c  b a r r i e r  t o  m i n i m i s e  f l o c c u l a t i o n  a n d  t h e  o t h e r  g r o u p  i s  ‘ C C )2 p h o b i c ’ . 
L e p i l l e u r  a n d  B e c k m a n 9 h a v e  r e p o r t e d  t h e  u s e  o f  b l o c k  a n d  g r a f t  c o p o l y m e r s  t h a t  a r e  
e f f e c t i v e  s t a b i l i s e r s .  T h e  s t e r i c  s t a b i l i s i n g  p r o p e r t i e s  a r e  i n f l u e n c e d  b y  t h e  s i z e  o f  t h e  
g r a f t e d  s i d e  c h a i n  a n d  b a c k b o n e .  T o  f o r m  a  d i s p e r s i o n  a  s u i t a b l e  a m o u n t  i s  r e q u i r e d .  
S u r f a c t a n t s  t h a t  a r e  c o m m o n l y  u s e d  i n  C O 2 a r e  b l o c k  a n d  g r a f t  c o p o l y m e r s  a s  s h o w n  
i n  F i g u r e  3 . 1 .
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Figure 3.1. Surfactants used in sc carbon dioxide1
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M a n y  e a r l y  s t u d i e s  f o c u s e d  o n  p r e c i p i t a t i o n  p o l y m e r i s a t i o n ,  a s  m o s t  p o l y m e r s  a r e  
i n s o l u b l e  i n  s c C C f y  F r e e  r a d i c a l  p o l y m e r i s a t i o n  o f  e t h y l e n e  i n  C O 2 h a d  b e e n  s t u d i e d  
a s  e a r l y  a s  1 9 6 8  b y  H a g i w a r a 10 a n d  c o - w o r k e r s  w h e r e  t h e y  u s e d  A I B N  o r  y  r a y s  a s  t h e  
i n i t i a t o r .  T h e y  a n a l y s e d  t h e  p r o d u c t s  b y  I R  s p e c t r o s c o p y  t o  p r o v e  t h a t  C O 2 h a d  v e r y  
l i t t l e  e f f e c t  o n  t h e  p o l y m e r  s t r u c t u r e .  T h e  p o l y m e r i s a t i o n  o f  e t h y l e n e  p r o d u c e d  
p o w d e r  p r o d u c t s ,  r e s u l t  f r o m  p r e c i p i t a t i o n  p o l y m e r i s a t i o n .
A  F r e n c h  p a t e n t 11 i n  1 9 6 8  r e p o r t e d  p o l y m e r i s a t i o n  o f  v i n y l  m o n o m e r s  i n  C O 2 a n d  
d i s c u s s e d  t h e  p r e p a r a t i o n  o f  p o l y m e r s  s u c h  a s  p o l y ( v i n y l  c h l o r i d e )  ( P V C ) ,  
p o l y s t y r e n e ,  p o l y ( a c r y l o n i t r i l e ) ,  p o l y ( a c r y l i c  a c i d )  a n d  p o l y ( v i n y l  a c e t a t e ) .  T h e  
a u t h o r s 11 a l s o  p r e p a r e d  r a n d o m  c o p o l y m e r s  s u c h  a s  p o l y ( s t y r e n e - c o m e t h y l  
m e t h a c r y l a t e )  a n d  p o l y ( v i n y l  c h l o r i d e - c o - v i n y l  a c e t a t e ) .
P r e c i p i t a t i o n  p o l y m e r i s a t i o n  o f  f l u o r o p o l y m e r s  h a s  a l s o  b e e n  c a r r i e d  o u t  b y  
D e S i m o n e  a f t e r  a  p a t e n t 12 c o m m e n t e d  o n  t e t r a f l u o r o e t h y l e n e  b e i n g  s a f e  w h e n  u s e d  a s  
a  m i x t u r e  w i t h  C O 2. D e S i m o n e 13,14 c o m p l e m e n t e d  t h e s e  f i n d i n g s  a n d  p e r f o r m e d  
c o p o l y m e r i s a t i o n s  a n d  h o m o p o l y m e r i s a t i o n s  o f  t e t r a f l u o r o e t h y l e n e  w i t h  
h e x a f l u o r o p r o p y l e n e  i n  C 0 2 w h i c h  t h e  a u t h o r  r e p o r t e d  t o  h a v e  r e s u l t e d  i n  h i g h  y i e l d s  
a n d  h i g h  m o l a r  m a s s e s 15 .
R e c e n t l y  t h e r e  h a s  b e e n  m u c h  i n t e r e s t  i n  u s i n g  t r a n s i t i o n  m e t a l  c a t a l y s t s  f o r  
p r e c i p i t a t i o n  p o l y m e r i s a t i o n  i n  s c C C f y  T o  c o m p l e m e n t  t h e  s t u d i e s  b y  G r u b b s 16’17, 
H o w d l e 17 u s e d  a  r u t h e n i u m  c a t a l y s t  f o r  p o l y m e r i s a t i o n .  H o w d l e  e t  a l } 1 c l a i m  i n  t h i s  
r e c e n t  p a p e r  t o  b e  t h e  f i r s t  t o  u s e  t h i s  t y p e  o f  s t a b i l i s e r .  T h i s  s t a b i l i s e r  h a s  a n
3.1.1. Precipitation volvm erisation
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u n s a t u r a t e d  b a c k b o n e  a n d  C O 2 s o l u b l e  s i d e  c h a i n s .  T h e y  u s e d  t h e  ‘ r i n g  o p e n i n g  
m e t a t h e s i s  p o l y m e r i s a t i o n ’ ( R O M P )18 t e c h n i q u e  u s i n g  r u t h e n i u m  c a r b e n e  c a t a l y s t  t o  
s y n t h e s i s e  t h e  s t a b i l i s e r .  T h i s  t e c h n i q u e  i s  k n o w n  t o  p r o d u c e  h i g h  y i e l d  a n d  g o o d  
c o n t r o l  o f  m o l e c u l a r  w e i g h t  a n d  p o l y m e r  a r c h i t e c t u r e .  T h e  c a t a l y s t  u s e d  f o r  t h i s  s t u d y  
h a s  a n  a d v a n t a g e  o f  n o t  b e i n g  a i r  a n d  m o i s t u r e  s e n s i t i v e .  T h e  a u t h o r 19 u s e d  t h i s  
s t a b i l i s e r  a t  a  c o n c e n t r a t i o n  o f  0 . 4  w t %  ( w r t  m o n o m e r )  t o  p e r f o r m  t h e  f r e e  r a d i c a l  
p o l y m e r i s a t i o n  i n  S C C O 2 a n d  i t  p r o v e d  t o  b e  a n  e f f e c t i v e  s t a b i l i s e r .
J o h n s t o n  e t  a l } 9 h a v e  d i s c u s s e d  a  d i f f e r e n t  t y p e  o f  s t a b i l i s e r  i s  k n o w n  a s  t h e  
a m b i d e x t r o u s  s u r f a c t a n t s  a n d  w h i c h  a r e  a c t i v e  i n  t w o  d i f f e r e n t  t y p e  o f  i n t e r f a c e s ,  f o r  
e x a m p l e  C O 2 a n d  H 2O  i n t e r f a c e s ,  b y  d i f f e r e n t  m e c h a n i s m s .  T h i s  m a k e s  t h e s e  
s t a b i l i s e r s  p o t e n t i a l l y  m o r e  i n t e r e s t i n g  a s  t h e y  a r e  a b l e  t o  s t a b i l i s e  l a t e x e s  i n  b o t h  
m e d i a ,  e . g .  ( P D M S - 6- P M A ) ,  p o l y ( d i m e t h y l s i l o x a n e ) - 6- p o l y ( m e t h a c r y l i c  a c i d ) .  
P M M A  p a r t i c l e s  a r e  s t e r i c a l l y  s t a b i l i s e d  b y  t h e  P D M S  s e g m e n t s .
A n  a l t e r n a t i v e  m o n o  f u n c t i o n a l  c a r b o x y l i c  a c i d  s t a b i l i s e r  ( K r y t o x  1 5 7  F S L )20 w a s  u s e d  
a s  a  s i n g l e  p o i n t  a n c h o r i n g  s t a b i l i s e r  b y  H o w d l e  e t  a l  20 w h o  d e s c r i b e d  u s i n g  t h i s  
s t a b i l i s e r  f o r  f r e e  r a d i c a l  d i s p e r s i o n  p o l y m e r i s a t i o n  o f  M M A  i n  S C C O 2. P o l y ( m e t h y l  
m e t h a c r y l a t e )  i s  n o t  s o l u b l e  i n  S C C O 2 a n d  a  s u i t a b l e  s t a b i l i s e r  i s  t h e r e f o r e  r e q u i r e d  t o  
f o r m  a  d i s p e r s i o n .  I n  t h i s  c h a p t e r  t h e  c o p o l y m e r  s t a b i l i s e r s  P D M S - m M A / P M M A  
w i t h  d i f f e r e n t  p r e c u r s o r  m a c r o m o n o m e r  m o l a r  m a s s e s  o f  1 0  k ,  5  k ,  a n d  2  lc  a r e  u s e d  i n  
v a r i o u s  c o n c e n t r a t i o n s  f o r  d i s p e r s i o n  p o l y m e r i s a t i o n  o f  M M A  t o  i n v e s t i g a t e  t h e  
e f f i c i e n c y  o f  t h e  s y n t h e s i s e d  s t a b i l i s e r s .
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D i s p e r s i o n  p o l y m e r i s a t i o n s  h a v e  b e e n  c a r r i e d  o u t  i n  a  6 0  m l  s t a i n l e s s  s t e e l  a u t o c l a v e .  
T h e  c e l l  i s  f i t t e d  w i t h  a  m a g n e t i c  s t i r r e r  w h i c h  w o u l d  a l l o w  t h e  c o m p o n e n t s  t o  b e  
s t i r r e d  i n  t h e  a u t o c l a v e .  A  t h e r m o c o u p l e  i s  p l a c e d  i n s i d e  t h e  a u t o c l a v e  w h i c h  
m o n i t o r s  t h e  r e a c t i o n  t e m p e r a t u r e .  C O 2 i s  f i l l e d  i n t o  t h e  a u t o c l a v e  u n d e r  p r e s s u r e  b y  
u s i n g  t h e  p u m p  ( N W A  G m b H ,  A i r  d r i v e n ) .  T h e  p r e s s u r e  i s  m e a s u r e d  b y  a  p r e s s u r e  
t r a n s d u c e r .  T h e  a p p a r a t u s  i s  d e g a s s e d  a n d  l e a k  t e s t e d  w i t h  n i t r o g e n  b e f o r e  u s e  e a c h  
t i m e .  T h e  d i a g r a m  o f  t h i s  a p p a r a t u s  a n d  t h e  c o m p o n e n t s  a r e  m e n t i o n e d  i n  t h i s  c h a p t e r  
( F i g u r e  3 . 2 ) .  A l l  t h e  c h e m i c a l s  h a v e  b e e n  u s e d  a s  r e c e i v e d  u n l e s s  o t h e r w i s e  s t a t e d .  
M M A  ( A l d r i c h )  i s  d i s t i l l e d  b e f o r e  u s e .  T h e  C O 2 ( f o o d  g r a d e )  r e q u i r e d  f o r  t h i s  p r o j e c t  
i s  s u p p l i e d  b y  M e s s e r  ( U K ) .  P r e c u r s o r  m a c r o m o n o m e r  m o l a r  m a s s e s  o f  1 0  k ,  5  k  a n d  
2 lc  c o p o l y m e r s  s t a b i l i s e r s  h a v e  b e e n  s y n t h e s i s e d  ( c h a p t e r  2) .
l u s t r u m  e n t a t i o n
! H  n u c l e a r  m a g n e t i c  r e s o n a n c e  ( N M R )  s p e c t r o s c o p y  w a s  p e r f o r m e d  u s i n g  a  
B R U K E R  A C  3 0 0  s p e c t r o m e t e r  o p e r a t i n g  a t  3 0 0 . 1 5 M H z  a n d  w i t h  d e u t e r a t e d  
c h l o r o f o r m  ( C D C I 3)  a s  s a m p l e  s o l v e n t .
G e l  P e r m e a t i o n  C h r o m a t o g r a p h y  ( G P C )  a n a l y s e s  w e r e  c a r r i e d  o u t  u s i n g  a  W a t e r s  5 1 0  
H P L C  p u m p ,  E R M A  R I  D e t e c t o r  E R C  7 5 1 0 ,  P L  g e l  5  p m  m i x e d  D  c o l u m n ,  
c a l i b r a t e d  u s i n g  p o l y s t y r e n e  s t a n d a r d ,  M i l l e n n i u m  3 0 0 0 .
S c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M )  w a s  c a r r i e d  o u t  o n  a  H i t a c h i  S - 3 2 0 0 N  
m i c r o s c o p e .  T h e  s a m p l e s  w e r e  m o u n t e d  o n  a n  a l u m i n i u m  s t u b  u s i n g  a n  a d h e s i v e  
c a r b o n  t a b  a n d  w e r e  g o l d - c o a t e d .
A t o m i c  f o r c e  m i c r o s c o p y  ( A F M )  w e r e  p e r f o r m e d  o n  a  N a n o s c o p e  I I I ,  u s i n g  s i l i c o n  
w a f e r  p r o b e s  a n d  c a n t i l e v e r ,  ( D i g i t a l  I n s t r u m e n t s ,  C A ,  U S A ) .
3.2. Experimental
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3 . 2 . 1 .  P o l y m e r i s a t i o n  o f  M M A  i n  s c C O ?
M M A  ( 1 0  g )  a n d  A I B N  ( 1  w t %  w r t  m o n o m e r )  w e r e  p l a c e d  i n  t h e  a u t o c l a v e  a n d  
s e a l e d .  T h e  c e l l  w a s  p r e s s u r i s e d  w i t h  1 0 0  b a r  o f  N 2 t o  c o n f i r m  t h a t  e f f e c t i v e  s e a l i n g  
o f  t h e  a u t o c l a v e  w a s  a c h i e v e d ,  a n d  t h e n  t h e  N 2 w a s  s l o w l y  r e l e a s e d .  C O 2 w a s  a d d e d  
i n t o  t h e  a u t o c l a v e  u p  t o  100 b a r  a n d  t h e  m a t e r i a l  i n  t h e  a u t o c l a v e  w a s  s t i r r e d  a t  r o o m  
t e m p e r a t u r e  u n t i l  a  c o n s t a n t  p r e s s u r e  w a s  r e a c h e d .  T h e n  a  p r e h e a t e d  b l o c k  w a s  f i t t e d  
u n d e r n e a t h  t h e  a u t o c l a v e  a n d  t h e  p r e s s u r e  ( 2 0 0  b a r )  a n d  t e m p e r a t u r e  ( 6 5 ° C )  w e r e  
a l l o w e d  t o  r i s e  t o  t h e  r e q u i r e d  e x p e r i m e n t a l  c o n d i t i o n s .  T h e  D u r a t i o n  o f  t h e  r e a c t i o n  
w a s  f o u r  h o u r s ,  a f t e r  w h i c h  t h e  h e a t i n g  w a s  s w i t c h e d  o f f  a n d  t h e  a u t o c l a v e  w a s  l e f t  t o  
c o o l  t o  r o o m  t e m p e r a t u r e  b e f o r e  t h e  p r e s s u r e  w a s  r e l e a s e d .
S t i r r e d  a n d  n o n - s t i r r e d  p o l y m e r i s a t i o n s  o f  M M A  w e r e  c a r r i e d  o u t .  T h e  p r o d u c t s  o f  
t h e  p o l y m e r i s a t i o n s  w e r e  h a r d ,  s o m e  w e r e  s t i c k y / o i l y ,  a n d  w e r e  t h e r e f o r e  d i f f i c u l t  t o  
r e m o v e  f r o m  t h e  a u t o c l a v e .  S o m e  p r o d u c t s  w e r e  k e p t  f o r  a n a l y s i s  a n d  t h e n  
d i c h l o r o m e t h a n e  w a s  p l a c e d  i n  t h e  a u t o c l a v e  a n d  s t i r r e d  f o r  s o m e  t i m e  t o  d i s s o l v e  t h e  
p o l y m e r  r e s i d u e ,  f o l l o w e d  b y  p r e c i p i t a t i o n  f r o m  m e t h a n o l .
3 . 2 . 2 .  P o l y m e r i s a t i o n  o f  M M A  i n  s c C O ?  u s i n g  P D M S - m M A / P M M A  s t a b i l i s e r  
M M A  ( 1 0  g ) ,  A I B N  ( 1  w t %  w r t  m o n o m e r )  a n d  P D M S - m M A / P M M A  ( 2  w t %  w r t  
M M A )  s t a b i l i s e r  w e r e  p l a c e d  i n  t h e  a u t o c l a v e  a n d  s e a l e d .  T h e  c e l l  w a s p r e s s u r i s e d  
w i t h  100 b a r  o f  N 2 t o  c o n f i r m  e f f e c t i v e  s e a l i n g  o f  t h e  a u t o c l a v e  a n d  t h e n  t h e  N 2 w a s  
s l o w l y  r e l e a s e d .  C 0 2 w a s  a d d e d  i n t o  t h e  a u t o c l a v e  u p  t o  100 b a r  a n d  t h e  m a t e r i a l  i n  
t h e  a u t o c l a v e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  u n t i l  a  c o n s t a n t  p r e s s u r e  w a s  r e a c h e d .  
A  p r e h e a t e d  b l o c k  w a s  f i t t e d  u n d e r n e a t h  t h e  a u t o c l a v e  a n d  t h e  p r e s s u r e  ( 2 0 0  b a r )  a n d  
t e m p e r a t u r e  ( 6 5 ° C )  a l l o w e d  t o  r i s e  t o  t h e  r e q u i r e d  e x p e r i m e n t a l  c o n d i t i o n s .  T h e
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d u r a t i o n  o f  t h e  r e a c t i o n  w a s  4  h o u r s  a f t e r  w h i c h  t h e  h e a t i n g  w a s  s w i t c h e d  o f f  a n d  t h e  
a u t o c l a v e  l e f t  t o  c o o l  t o  r o o m  t e m p e r a t u r e  b e f o r e  t h e  p r e s s u r e  i s  r e l e a s e d .
M o s t  o f  t h e  p r o d u c t s  o f  t h e  p o l y m e r i s a t i o n s  w e r e  h a r d  s o m e  w e r e  s t i c k y ,  a n d  w e r e  
d i f f i c u l t  t o  r e m o v e  f r o m  t h e  a u t o c l a v e .  S o m e  p r o d u c t s  w e r e  k e p t  f o r  a n a l y s i s  a n d  
t h e n  d i c h l o r o m e t h a n e  w a s  p l a c e d  i n  t h e  a u t o c l a v e  a n d  s t i r r e d  f o r  s o m e  t i m e  t o  
d i s s o l v e  t h e  p o l y m e r  r e s i d u e ,  f o l l o w e d  b y  p r e c i p i t a t i o n  f r o m  m e t h a n o l .
T h i s  p o l y m e r i s a t i o n  w a s  c a r r i e d  o u t  w i t h  a n d  w i t h o u t  s t i r r i n g ,  a n d  w i t h  v a r y i n g  t h e  
c o n c e n t r a t i o n  o f  P D M S - m M A  m a c r o m o n o m e r  ( 5  w t % ,  2 5  w t %  a n d  5 0  w t %  w r t  
m o n o m e r )  i n  t h e  c o p o l y m e r  s t a b i l i s e r .  T h e  m o l a r  m a s s  o f  t h e  P D M S  m a c r o m o n o m e r  
w a s  a l s o  v a r i e d  1 0  k ,  5  k  a n d  2  lc .
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F i s u r e  3 . 2 : -  S c h e m a t i c  d i a s r a m  o f  s c C O ?  a p p a r a t u s
P u m p : -  A i r  d r i v e n ,  t r a n p o r t s  C O 2 i n t o  t h e  s y s t e m
I n p u t  p r e s s u r e -  5 0  b a r  ( e q u i l i b r i u m  p r e s s u r e  i n  t h e  g a s  b o t t l e )
O u t p u t  p r e s s u r e -  u p  t o  4 0 0  b a r  ( r e q u i r e d  p r e s s u r e )
( 3 )  A u t o c l a v e : -  R e a c t i o n  v e s s e l  ( 6 0  m l ) ,  f i t t e d  w i t h  a  s t i r r e r
V i e w  c e l l : -  F i t t e d  w i t h  a  s a p p h i r e  w i n d o w ,  e n a b l e  o b s e r v a t i o n s  o f  c o m p o n e n t s
N i t r o s e n  c y l i n d e r : -  u s e d  f o r  d e g a s s i n g  a n d  l e a k  t e s t i n g
P r e s s u r e  T r a n s d u c e r : -  M e a s u r e s  t h e  p r e s s u r e  i n  t h e  s y s t e m
T e m p e r a t u r e  c o n t r o l l e r : -  A t t a c h e d  t o  t h e  h e a t i n g  b l o c k ,  w h i c h  w o u l d  h e a t  t h e  
a u t o c l a v e .  T e m p e r a t u r e  c a n  b e  v a r i e d .
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Table 3.1 below shows the polymerisations that were carried out:-
Mon o m e r
M M A ( g )
Stabiliser Stabiliser
Cone.
(w t%  M M A )
Temperature
(°C)
Pressure
(bar)
Stirring No
Stirring
10 C o p  5  ( 1 0  k ) 2 6 5 200 y e s y e s
10 C o p  2 5  ( 1 0  k ) 2 6 5 200 y e s y e s
10 C o p  5 0  ( 1 0 1 c ) 2 6 5 200 y e s y e s
10 C o p  5  ( 1 0 1 c ) 0 . 5 6 5 200 y e s y e s
10 C o p  2 5  ( 1 0 1 c ) 0 . 5 6 5 200 y e s y e s
10 C o p  5 0  ( 1 0  lc ) 0 . 5 6 5 200 y e s y e s
10 None 0 6 5 200 y e s y e s
T a b l e  3 . 1 :  S t a b i l i s e r s  u s e d  f o r  d i s p e r s i o n  p o l y m e r i s a t i o n  o f  M M A  i n  s c C O i
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T a b l e  3 . 2  b e l o w  s h o w s  t h e  p o l y m e r i s a t i o n s  ( n o n  s t i r r e d )  e a r n e d  o u t  w i t h  P D M S -  
m M A / P M M A  s t a b i l i s e r s
M onom er 
M M A  (g)
P D M S -m M A /P M M A
stabiliser
S tabiliser 
Cone. 
(wt% M M A )
Temperature
(°C)
Pressure
(bar)
10 C o p  5  ( 5  lc ) 2 6 5 200
10 C o p  2 5  ( 5  k ) 2 6 5 200
10 C o p  5 0  ( 5  k ) 2 6 5 200
10 C o p  5  ( 5  k ) 0 . 5 6 5 200
10 C o p  2 5  ( 5  lc ) 0 . 5 6 5 200
10 C o p  5 0  ( 5  lc ) 0 . 5 6 5 200
10 C o p  5  ( 2  k ) 2 6 5 200
10 C o p  2 5  ( 2  lc ) 2 6 5 200
10 C o p  5 0  ( 2  lc ) 2 6 5 200
10 C o p  5  ( 2  lc ) 0 . 5 6 5 200
10 C o p  2 5  ( 2  k ) 0 . 5 6 5 200
10 C o p  5 0  ( 2  k ) 0 . 5 6 5 200
T a b l e  3 . 2  :  S t a b i l i s e r s  u s e d  f o r  d i s p e r s i o n  p o l y m e r i s a t i o n  o f  M M A  i n  s c C O o
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I n  t h i s  c h a p t e r ,  d i s p e r s i o n  p o l y m e r i s a t i o n  i s  s t u d i e d  f o r  M M A  u s i n g  t h e  c o p o l y m e r  
s t a b i l i s e r s  s y n t h e s i s e d  i n  t h e  p r e v i o u s  c h a p t e r  ( c h a p t e r  2 ) .  C o p o l y m e r  s t a b i l i s e r s  ( C o p  
5 - 5 0 )  h a v e  b e e n  u s e d  f o r  d i s p e r s i o n  p o l y m e r i s a t i o n  o f  M M A  t o  s e e  i f  t h e  s t a b i l i s e r s  
a r e  e f f i c i e n t  e n o u g h  f o r  p o l y m e r i s a t i o n .
3 . 3 . 1 .  P r e c i p i t a t i o n  P o l y m e r i s a t i o n  o f  M M A  i n  s c C O ?
P r e c i p i t a t i o n  p o l y m e r i s a t i o n  ( s t i r r e d  a n d  n o n - s t i r r e d )  i s  c a r r i e d  o u t  i n  S C C O 2 w i t h  1 0  g  
o f  M M A ,  1 w t %  A I B N  ( w r t  m o n o m e r ) .  P o l y m e r i s a t i o n  o f  m e t h y l  m e t h a c r y l a t e  w a s  
c a r r i e d  o u t  w i t h o u t  t h e  p r e s e n c e  o f  a n y  s t a b i l i s e r s ,  w h i c h  p r o d u c e d  b e t t e r  r e s u l t s  f o r  
n o n - s t i r r e d  p o l y m e r i s a t i o n .  F o r  s t i r r e d  p o l y m e r i s a t i o n  t h e r e  w a s  w h i t e  h a r d  p r o d u c t  
f o r m e d  a r o u n d  t h e  c e l l  w a l l  a n d  t h e  b o t t o m  o f  t h e  c e l l ,  a n d  s o m e  o i l y  l i q u i d  w a s  
p r e s e n t  i n  t h e  a u t o c l a v e  w h i c h  ( p r e s u m e d  t o  b e  u n - r e a c t e d  M M A ) .
3 . 3 . 2 .  D i s p e r s i o n  P o l y m e r i s a t i o n  o f  M M A  a n d  P D M S - m M A / P M M A  s t a b i l i s e r  i n  
s c C O 7.
D i s p e r s i o n  p o l y m e r i s a t i o n s  h a v e  b e e n  c a r r i e d  o u t  i n  S C C O 2 w i t h  1 0  g  o f  M M A ,  l w t %  
A I B N  a n d  2  w t %  o f  c o p o l y m e r  s t a b i l i s e r  ( w r t  M M A  m o n o m e r ) .  T h e  s t a b i l i s e r s  u s e d  
v a r i e d  i n  t h e  c o n c e n t r a t i o n  o f  P D M S - m M A  m a c r o m o n o m e r  w i t h  5  w t % ,  2 5  w t %  a n d  
5 0  w t %  ( w r t  m o n o m e r )  ( C o p  5 - 5 0 )  ( 1 0  k )  a n d  t h e  m o l a r  m a s s  o f  t h e  m a c r o m o n o m e r  
i s  1 0  lc . T h e  p o l y m e r i s a t i o n s  h a v e  b e e n  c a r r i e d  o u t  w i t h  s t i r r i n g  a n d  w i t h o u t  s t i r r i n g ,  
s o  t h a t  t h e  r e s u l t s  c a n  b e  c o m p a r e d  w i t h  t h e  p a p e r  p u b l i s h e d  b y  H o w d l e  e t  a l .21 w h i c h  
m e n t i o n e d  t h a t ,  w i t h  t h e  a b s e n c e  o f  s t i r r i n g ,  h i g h  y i e l d  c o u l d  b e  a c h i e v e d  w i t h  h i g h  
m o l a r  m a s s  p o l y m e r  a n d  p a r t i c u l a t e  m o r p h o l o g y .
3.3 Results and discussion
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S t a b i l i s e r
C o p o l y m e r
A d d e d  w t %  o f  
C o p o l y m e r  S t a b i l i s e r
M o d i f i e d  
M e t h a c r y l a t e  p r o d u c t s  
( P r o d u c t  C o d e )
C o p  5 2 % P o l y m  1
C o p  2 5 2 % P o l y m  2
C o p  5 0 2 % P o l y m  3
C o p  5 0 . 5 % P o l y m  4
C o p  2 5 0 . 5 % P o l y m  5
C o p  5 0 0 . 5 % P o l y m  6
T a b l e  3 . 3 : -  N o m e n c l a t u r e  o f  t h e  P o l y m e r  P r o d u c t s
T h e  p r o d u c t  c o d e  w o u l d  s h o w  t h e  m o l a r  m a s s  o f  t h e  p r e c u r s o r  m a c r o m o n o m e r  b y  t h e  
s i d e ,  i e :  P o l y m  1 ( 1 0  l c ) ,  P o l y m  1 ( 5  lc )  e t c .
T a b l e  3 . 4  s h o w  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  v a r i o u s  p o l y m e r i s a t i o n s  p e r f o r m e d  w i t h  
1 0  lc  c o p o l y m e r  s t a b i l i s e r s .  F i r s t ,  i f  t h e  y i e l d  i s  c o m p a r e d  b e t w e e n  t h e  s t i r r e d  a n d  n o n  
s t i r r e d  p o l y m e r i s a t i o n  ( T a b l e  3 . 3 )  w i t h  t h e  d i f f e r e n t  s t a b i l i s e r s ,  s t i r r i n g  t h e  r e a c t i o n  
s e e m e d  t o  h a v e  p r o d u c e d  a  l o w e r  y i e l d  o n  a v e r a g e  t h a n  n o n - s t i r r e d  r e a c t i o n s .  
R e a c t i o n s  w i t h  0 . 5  w t %  ( w r t  m o n o m e r )  s t a b i l i s e r ,  n o n - s t i r r e d ,  s e e m e d  t o  h a v e  
p r o d u c e d  b e t t e r  y i e l d s  t h a n  r e a c t i o n s  w i t h  2  w t % ,  w i t h  t h e  e x c e p t i o n  f o r  C o p  2 5  ( 1 0  
lc )  c o p o l y m e r  s t a b i l i s e r .
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Polymer product
Appearance of Product % yield
Stirring Not Stirring Stirring Not Stirring
Polym 1 (10 k) Soft, fine powder Glassy, hard solid 33 48
Polym 2 (10 lc) Soft, fine white powder Glassy, hard solid 52 50
Polym 3 (10 k) Soft white powder Hard white powder 38 84
Polym 4 (10 lc)
Soft white powder
White small flakes 42 53
Polym 5 (10 lc)
Soft white powder
Oily/hard product 
sticky
32 38
Polym 6 (10 lc) Soft, fine white powder Hard white solid 74 93
MMA without 
any stabilisers
Hard white product 
around the cell wall, some 
product was oily liquid
Hard, white, stcky/oily 
product
15 29
T a b l e  3 . 4 :  P o l y m e r i s a t i o n s  c a r r i e d  o u t  w i t h  1 0  k  c o p o l y m e r  s t a b i l i s e r s  i n  s c C O ?
O n  d e s c r i b i n g  t h e  m o r p h o l o g y  o f  t h e  p o l y m e r  p a r t i c l e s ,  s t i r r e d  p o l y m e r i s a t i o n s  h a v e  
p r o d u c e d  f i n e ,  s o f t  w h i t e  p o w d e r .  N o n - s t i r r e d  r e a c t i o n s  p r o d u c e d  h a r d ,  g l a s s y ,  s o l i d  
p o l y m e r  p r o d u c t  f o r  P o l y m  1 a n d  2 .  F o r  P o l y m  3  t h e  p r o d u c t  w a s  a  h a r d  s o l i d .  
P r o d u c t  f o r  P o l y m  4  w e r e  s m a l l  w h i t e  f l a k e s  o f  p o l y m e r ,  p r o b a b l y  b e c a u s e  b o t h  t h e  
s t a b i l i s e r  c o n c e n t r a t i o n  a n d  t h e  m a c r o m o n o m e r  c o n c e n t r a t i o n  i n  t h e  s t a b i l i s e r  w e r e  
l o w .  P r o d u c t  f o r  P o l y m  5  w a s  h a l f  o i l  a n d  h a l f  h a r d  w h i t e  s o l i d  w i t h  s o m e  s t i c k y  
s o l i d ,  a s  i f  t h e  p o l y m e r i s a t i o n w e r e  i n c o m p l e t e ;  l o n g e r  r e a c t i o n  t i m e  m a y  b e  r e q u i r e d  
f o r  t h i s  r e a c t i o n .  P o l y m  6 p r o d u c e d  w h i t e ,  h a r d  s o l i d  p r o d u c t ,  t h e  y i e l d  w a s  h i g h .
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T h e  r e a s o n  f o r  t h e  l o w  y i e l d  i n  p r o d u c t s  o f  s t i r r e d  r e a c t i o n s  c a n  b e  e x p l a i n e d  b y  t h e  
t h e o r y  o f  ' t h e  w a l l  e f f e c t '  e x p l a i n e d  i n  a  p a p e r  b y  H o w d l e  e t  a l ?  a f t e r  t h e y  h a d  c a r r i e d  
o u t  a  n u m b e r  o f  s t i r r e d  a n d  n o n - s t i r r e d  d i s p e r s i o n  p o l y m e r i s a t i o n s  t o  e x a m i n e  t h a t  
t h e o r y .  A l t h o u g h  p o l y m e r i s a t i o n  r e a c t i o n s  n o r m a l l y  n e e d  t o  b e  s t i r r e d  f o r  t h e  p r o d u c t  
t o  h a v e  n a r r o w  p a r t i c l e  s i z e  d i s t r i b u t i o n  a n d  a  u n i f o r m  d i s p e r s i o n ,  H o w d l e  e x p l a i n e d  
i n  h i s  p a p e r  t h a t  w h e n  t h e  r e a c t i o n  i s  s t i r r e d  p o l y m e r i s a t i o n  m i g h t  n o t  t a k e  p l a c e  f u l l y  
a s  a  t e n n i n a t i o n  m e c h a n i s m  m i g h t  t a k e  p l a c e .  I n t e r a c t i o n s  b e t w e e n  t h e  m e t a l  w a l l  o f  
t h e  r e a c t o r  a n d  t h e  r a d i c a l s  c o u l d  t e r m i n a t e  t h e  r e a c t i o n  b y  s t o p p i n g  t h e  g r o w t h  o f  t h e  
r a d i c a l  c h a i n  a n d  h e n c e  t h e  l e n g t h  o f  t h e  p o l y m e r  p r o d u c t  w o u l d  b e  s h o r t e r .  T h e  
r e a s o n  f o r  t h e  h i g h  y i e l d  i n  n o n - s t i r r e d  p o l y m e r i s a t i o n s  i s  t h a t ,  w h e n  t h e  s t i r r i n g  d o e s  
n o t  t a k e  p l a c e ,  a t  t h e  f i r s t  s t a g e  o f  p o l y m e r i s a t i o n ,  a  P M M A  f i l m  i s  f o r m e d  o n  t h e  
i n s i d e  m e t a l  w a l l  o f  t h e  a u t o c l a v e  w h i c h  w o u l d  p r e v e n t  t h e  c o n t a c t  o f  t h e  g r o w i n g  
r a d i c a l  c h a i n s  t o  t h e  m e t a l  w a l l ;  a  h i g h  y i e l d  i s  t h e r e f o r e  a c h i e v e d .  I n  a  s t i r r e d  
r e a c t i o n  t h i s  P M M A  f i l m  i s  n o t  f o r m e d  a n d  t h e  m e t a l  w a l l  c a n  b e  i n  c o n t a c t  w i t h  t h e  
r a d i c a l s  c a u s i n g  a  t e r m i n a t i o n  o f  t h e  g r o w i n g  p o l y m e r  c h a i n .
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Polymerisation carried out for M M A  with copolymer stabilisers of 5 k and 2 lc 
macromonomer precursor molar mass were not very promising. Table 3.5 below 
shows the % yield and the appearance of the products
Copolymer stabiliser Appearance o f  Product % yield
Polym 2 (5 h) Hard white glassy, some 
oily liquid present
20
Polym 3 (5 k) Hard white glassy, some 
oily liquid present
38
Polym 5 (5 lc) Hard white glassy, some 
oily liquid present
47
Polym 6 (5 lc) Hard white glassy, some 
oily liquid present
33
Polym 6 (2 lc) Hard white glassy, some 
oily liquid present
14
Table 3.5:- Non-stirred Polymerisation o f  MMA with 5 k and 2 k covolvmer
stabilisers in CO 7
Looking at the table above it shows that polymerisations with the stabilisers of molar 
masses 5 lc and 2 lc are incomplete. Polymer products Polym 2 (5 lc) and Polym 3 (5 
lc) have both produced hard, glassy products and there was some oily liquid present in 
the autoclave which looks like unreacted monomer. Also the % yield of the products 
from the polymerisations are very low. This proves that the polymerisation did notgo 
to completion. Polymerisation of M M A  with stabilisers of molar mass 2 lc 
macromonomer precursor copolymer stabilisers did not take place except for Polym 6 
(2 lc), but that has a very low yield and unreacted monomer remains. The polymer 
products have been analysed by !H NMR, SEM and GPC analysis to deduce if the 
“correct” products have been fonned.
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The products of the polymerisations were analysed by !H NMR spectroscopy
3 .3 .3 .1H  N M R analysis for polym er products
Fisure 3.3:- ! HNM R analysis o f  product Polym 6  (10 k)
 A ... J  . A
10 PPM
Fisure 3.4:- 1 H NM R analysis o f  product Polym 6 ( 2k)
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Figure 3.5:-1H  NMR analysis o f  product Polym 6 (  5 k)
Figure 3.6:- 1H  NMR analysis o f  polymerisation o f  MMA without any stabilisers
NMR analysis for products of polymerisation of M M A  with 10 lc, 5 lc and 2 k 
copolymer stabilisers (producing polymer products Polym 6) are shown in figures 3.3- 
3.6. The NMR analyses show that the polymerisation of M M A  has taken place with
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the presence of the stabilisers, when the NMR analysis of the polymer products are 
compared to the NMR analysis of the pure PMMA ( chapter 2, figure: 2.8). The 
assignments of the resonances present in the pure PMMA are shown in Table 2.4, 
chapter: 2. The resonances at 6= 0.94, 1.02, 1.20 and 1.25 arise from the CH3 
occurring from the polymerisation of methyl methacrylate. The resonances at 8= 1.20 
and 1.25 appear as small unresolved multiplets, not as distinct as the other two 
singlets at 8= 0.94, and 1.02. The resonance appearing at 8= 1.61 is a strong singlet 
in the NMR spectra and is due to water as a residual solvent in CDCI3.
The resonances appearing at 8= 1.81 and 1.89 as a singlets are the tacticity
resonances due to the -CH2- from the PMMA backbone and show the stereochemistry 
of the reaction. The polymerisation of the methyl methacrylate leads to the formation 
of the local structures which result in these resonances.
There is a very small resonance at 8= 0.07 (Fig:3.3), barely detectable, which is the 
Si-CH3 resonance from the PDMS-mMA in the copolymer that could have been 
removed by extraction with hexane However, there is a low intensity of the vinyl 
proton resonances (=CH2) which appear as two singlets in the region of 8= 5.43 and
6.01, which could be some entrapped monomer. This could also have been removed 
by extraction. Figure 3.6 shows the soectrum of the product of polymerisation of 
methyl methacrylate without any stabiliser. This is a precipitation polymerisation and 
also an uncontrolled reaction, as no stabiliser is present. NMR analysis of this 
product (fig: 3.6) shows the presence of the vinyl protons (=CH2) which appear as two 
singlets in the region of 8= 5.43 and 6.01; this could be due to entrapped monomer 
in the product as stabiliser was not used in the polymerisation. Therefore these data
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show that the polymerisations have taken place in the presence of stabilisers. These 
products have been investigated further with SEM and GPC analysis to prove that the 
stabilisers have led to polymerised the MMA.
3.3.4. SEM Analysis o f  Polymer products:
The products from the polymerisation of M M A  with the Copolymer stabiliser (Cop 5- 
50) have been analysed by SEM. The SEM micrographs of the polymers are shown 
below.
Figure 3 .7:-SEM micrograph o f  Polym 1(10 k)
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Fisure 3.8:-SEM microeraph o f  Polym 6 (10 k)
F isure 3.9: S E M  m icrosraph o f  Polym 5 (10 k) (stirred)
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Figure 3.10: SEM micrograph o f  Polym 5 (10 k) (non-stirred)
Figure 3.11: S E M  m icrograph o f  Polym  3 (10 k) (stirred)
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Figure 3.12:SEM micrograph o f  Polym 3(10 k) (Non- Stirred)
Figure 3.13: S E M  m icrograph o f  Polym 6 (10 k) (Not Stirred)
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The SEM micrographs (Figures 3.7-3.13) show an interesting variety of results from 
the polymerisation products. Looking at the micrographs for 10 k (3.7-3.13), one can 
see that the particle sizes are not uniform, varying within each product. The particle 
size depends on the concentration of stabiliser, as seen on Figure 3.8 (approximately 
0.5-3 pm in diameter) and 3.7 (approximately 0.1pm diameter), compared to Figures 
3.10 and 3.12. The particle size of the products containing 0.5% wt% stabiliser (not 
stirred) is much smaller and better defined than for the particles containing 2 wt% 
stabiliser. The particles in the micrograph for Polym 6 (10 k) (Figure 3.13) are not 
very clear as the particle size is very small (below the limit of available 
magnification).
The micrographs for product Polym 1 (10 k) (figure 3.7) show that stirred 
polymerisation produce larger particles than non-stirred polymerisations. Globular 
particles can be seen in these micrographs (figures 3.9 and 3.11), although they are 
not well defined.
In a paper by Hay et al?1 the author describes that a 2 wt% minimum stabiliser 
(PDMS-mMA) concentration produces well defined spherical particles, which is not 
the case in this project. A 0.5 wt% (wrt monomer) stabiliser concentration produces 
more well defined spherical particles than 2 wt% (wrt monomer).
The best result (in terms of spherical partices) is produced from the product Polym 3 
(10 lc) (Figure 3.8). Well defined spherical particles are seen to have linked 
themselves like a network (string of pearls). The same behaviour is thought to have
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taken place for Polym 6 (10 k) (Figure 3.13), although it is not as clear and the 
particles are very small.
SEM micrographs of the products of the polymerisation of M M A  with 5 k and 2 k 
were recorded, as shown in Figures 3.16 and 3.17:-
Fieure 3.16:- SEM micrographs o f Polym 6 (5 k)
Figure 3.17:- S E M  m icrographs o f  Polvm  6 (2 k)
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SEM images for 5 and 2 k macromonomers (Figures 3.16 and 3.17) show that these 
polymerisations do not produce individual particles, the particles may be 
agglomerated. This show that there might not have been any polymerisation taken 
place at these reactions.
Ill
3.3.5. G PC analysis o f  polym er products
T he products o f  the p o lym erisa tion s h ave b een  analysed  b y  G PC . T ab le 3 .5  sh o w s
the results from the GPC analysis.
Copolymer Mw Mn Pd
Stabilisers Stirred Non­
stirred
Stirred Non­
stirred
Stirred Non­
stirred
Polym 4 (10 k) 
Polym 5 (10 lc) 
Polym 6 (10 lc) 
Polym 1 (10 lc) 
Polym 2 (10 lc) 
Polym 3 (10 lc)
15595
34169
54216
169367
214068
128933
207338
65768
35174
305460
124063
218252
2807
10611
11348
105561
108441
58791
102023
12116
9589
170556
44273
94212
5.55
3.22
4.77
1.60
1.97
2.19
2.03
5.40
3.67
1.79
2.80 
2.32
Polym 5 (5 lc) 
Polym 6 (5 lc) 
Polym 2 (5 lc) 
Polym 3 (5 lc)
57938
65143
90753
132504
** 9675
14348
23339
22213
** 5.98
4.54
3.88
5.96
Polym 6 (2 lc) s 60116 ** 16145 ** 3.72
Polym 3 (2 lc) 65741 17913 3.67
Pure PMMA 191372 95350 2.00
Table 3.5:- GPC analysis o f  polymerisation in CO? 
(Note: ** Polymerisations were not done)
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Fisure 3.18: GPC analysis o f  Polym 6 (10 k)
10 CO
Fisure 3.19: GPC analysis o f 6 (5 k)
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Figure 3.20: GPC analysis o f  Polvm 6 (2 k)
Auto-Scaled Chromatogram
Figure 3.21: GPC analysis o f Pure PMMA 
Note: Figure 3.18-3.20 were scanned on a different instrument
GPC analysis show narrow molar mass distribution for products from stirred 
polymerisations. For non-stirred polymerisations, the products molar mass 
distribution is widened with increasing stabiliser concentration. The molar mass for 
non-stirred polymerisation is higher for samples containing 2% stabiliser 
concentration than for 0.5% stabiliser concentration. Non-stirred polymerisation for 
products Polym 1 and Polym 4 (10 k) shows a much higher molar mass than products
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Polym 2 and 3 (10 lc). Non-stirred polymerisation with 5 lc and 2 lc stabilisers gives 
molar mass increasing with stabiliser concentration and concentration of PDMS- 
m M A  within the copolymer stabilisers. PMMA non-stirred polymerisation produces 
lower molar mass products than stirred polymerisation.
GPC analyses prove that the polymerisation has taken place by comparing the GPC 
data for the (non-stirred) polymerisation product (Table 3.5) with the GPC data 
presented in chapter 2 (Table-2.7) of the copolymer stabiliser. The polymerisation 
product has much a greater molar mass (Mw) than the copolymer stabilisers in chapter 
2; which proves that the polymerisation has taken place.
GPC analysis of the polymerisation product can also be compared to the pure PMMA 
(Fig:3.21); the pure PMMA trace contains a shoulder but the polymerisation products 
do not. The polydispersity (Pd = 2.0) of the pure PMMA is comparable to the 
copolymer stabilisers, as most of the 10 k copolymer stabilisers lead to a 
polydispersity of 2.0 or closer. Therefore one can say that these stabilisers have been 
successful in the polymerisation.
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In conclusion, copolymer stabilisers proved to be effective for the dispersion 
polymerisation of MMA. Stabiliser can also be used at different concentrations, such 
as 2 wt% and 0.5 wt% (wrt monomer), and also at different PDMS-mMA 
macromonomer (10 lc) concentration in the stabiliser, such as 5 wt%, 25 wt% and 50 
wt% (wrt monomer). Stirred polymerisations have provided fine, soft powder 
polymer but the yield was lower than the non-stirred polymerisations (where the 
products were glassy and hard solid). The low yield from the stirred polymerisation is 
a result of the ‘wall effect’ discussed earlier.
Non-stirred polymerisations with the relative molar mass of 5 lc and 2 lc copolymer 
stabilisers at 5%, 25% and 50% macromonomer concentration with 2% and 0.5% 
stabiliser concentration were performed and found not to be as efficient as with the 10 
lc stabilisers. For 5 lc stabilisers polymer product Polym 2, Polym 3 and Polym 5 and 
Polymer 6 have produced products of very low yield. The same behaviour was 
achieved with the 2 lc stabilisers. The appearance of products with both the 5 lc and 2 lc 
stabilisers were hard white with some unreacted oily MMA; the polymerisations were 
incomplete and these 5 k and 2 lc stabilisers were therefore not efficient stabilisers for 
dispersion polymerisation.
Various analyses were performed to prove that polymerisation had taken place. First, 
*H NMR analysis showed the presence of the resonances that are contained in the 
pure PMMA, as already analysed in chapter 2. The presence of the O-CH3, CH3, 
CH2, resonances in the NMR spectra of the polymerisation products prove that the 
polymerisation has taken place in the presence of the stabiliser. However when the
3 .4 . C o n c lu s io n
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M M A  was polymerised without any stabiliser the NMR spectrum (Fig:3.6) showed 
the presence of vinyl protons as two singlets around the region of 8= 5.43 and 6.01, 
could be due to entrapped monomer in the product. Therefore, the presence of the 
stabilisers in the polymerisation produced better results. The products have been 
investigated further with SEM and GPC analysis to prove the polymerisation had 
taken place.
The SEM study showed that the polymerisations that were non-stirred produced better 
defined spherical particles than stirred reactions. Also the polymerisations work best 
with a low stabiliser concentration {i.e. 0.5% than 2%), producing well defined 
spherical particles. The SEM analysis for products from 5 k and 2 lc stabilisers, 
however, did not show any particles and it seemed like the particles were all 
agglomerated. SEM analysis alone does not prove that the polymerisation had taken 
place; further GPC analyses were therefore carried out.
GPC analysis showed that stirred polymerisations provide lower molar mass products 
than non-stirred polymerisations and that the products for the polymerisations with 10 
lc stabilisers produced higher molar mass products than with 5 lc and 2 lc stabilisers. 
GPC data can be used to prove that polymerisation has taken place as the 
polymerisation products have greater molar mass than the original copolymer 
stabilisers used for polymerisation.
Overall by looking at the data from NMR, SEM and GPC analyses together, one can 
deduce that the stabilisers formed from 10 lc macromonomer at all different 
concentrations were efficient stabilisers for dispersion polymerisation and the best
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overall single stabiliser appeared to be Cop 5 (10 k), whicb produced the “best” 
product Polym 6 (10 lc) well defined spherical particles.
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D i s p e r s i o n  o f  p r e f o r m e d  P M M A  w i t h  
Stabilisers in s c C 0 2
CHAPTER 4
Dispersion polymerisations with various macromonomers, homopolymers and block 
copolymers have been very popular in recent years1'10. However for this project, a 
dispersion process is carried out to re-disperse PMMA particles using various 
stabilisers in C02 to assess potential use of these stabilisers in spray coatings. So far 
there has not been any work reported in the literature on the dispersion process, 
except for a patent published by Johnston et a l l1 in which the authors described the 
re-dispersion of PMMA particles in C02 with stabilisers containing copolymers of 
poly(propylene oxide) (PPO) and butylene oxide; those authors used PMMA 
particles in the range of 0.1 to 0.5 pm with 0.05 wt% of these stabilisers and after 
spraying there was no flocculation of the PMMA particles. In another paper by 
Johnston et a l l2 the authors described the use of poly(2-ethylhexyl acrylate) (PEHA) 
for resuspension in C02 and they claim that PEHA synthesised without any C02- 
philic stabiliser was difficult to resuspend in C02.
For this project the dispersion was carried out using the supercritical apparatus (see 
chapter 3), fitted with a view cell to observe the dispersion process and also using the 
Phase Equilibrium Analyser (PEA), figure 4.113, at Thar Technologies, Pittsburgh, 
USA. The PEA has a high pressure vessel with a volume of 30 ml and operating 
pressures up to 500 bar. The vessel contains an oscillating stirrer and a heating jacket. 
There are built in temperature and pressure sensors, so both can be monitored easily. 
The interior of the vessel can be seen through the sapphire window with an optical 
base where a video camera is attached and connected to a TV so the dispersion 
process can be monitored. Figure 4.214 shows the section inside the PEA vessel.
4 .1 .  I n t r o d u c t i o n
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Figure 4.2:- Inside a PEA vessel14
19?
The preformed PMMA used for the dispersion processes was washed and purified, 
because otherwiseit contained poly(vinyl alcohol) and water. There are many 
methods for washing microspheres: dialysis, mixed-bed ion exchange, cross-flow 
filtration, and serum replacement15. The method used for washing depends on the 
size of microspheres, centrifugation being the most popular and commonly used 
cleaning method and also the easiest. Microspheres smaller than 300 nm in diameter 
are difficult to clean as the centrifuge rate required is very high.
There are also problems with aggregation and fracturing of the microspheres during 
cleaning. Factors that influence aggregation are:-
i) Microsphere size: As the size of the microspheres increases, aggregation 
decreases, as the Brownian motion of smaller microspheres make hydrophobic 
interactions more likely16.
ii) Temperature: Increase in temperature increases the kinetic energy of the 
microspheres in suspension, thereby increasing the possibility of the 
microspheres coming into contact with each other.
Hi) Concentration: If the concentration of the microspheres in the suspension
increases, it is more likely that they would collide with each other causing 
aggregation. Sometimes polymeric microspheres cause irreversible 
aggregation if their aqueous suspension medium is frozen16.
Macromonomers have also been used in this project for synthesis of graft copolymers 
using a preformed PMMA. It is reported in the literature that to carry out free-radical 
graft copolymerisation the backbones would require a group or an atom which could
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be displaced by another radical17. Radical chain transfer and/or addition reactions 
take place in free radical grafting on a polymer backbone with the presence of a 
polymerising monomer. This process is used to synthesise commercial polymers such 
as ABS and MBS.
For this project, macromonomer grafting will be earned out, in which radicals are 
generated on the CH2 of the backbone of preformed PMMA and provide the sites for 
the macromonomer PDMS-mMA grafting.
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Dispersion processes were carried out in a 60ml stainless steel autoclave. The cell is 
fitted with a magnetic stirrer which would allow the components to be stirred in the 
autoclave. A thermocouple is placed inside the autoclave and monitors the reaction 
temperature. C02 is filled into the autoclave under pressure by using the pump 
(NWA GmbH, air driven). The pressure is measured by a pressure transducer. The 
apparatus is degassed and leak tested with nitrogen before use each time. The 
diagram of this apparatus and the components have been mentioned in chapter 3. All 
the chemicals were used as received unless otherwise stated. M M A  (Aldrich) was 
distilled before use and PMMA microspheres (Atofina) were purified before use. The 
C02 (food grade) required for this project is supplied by Messer (UK), Krytox 157 
FSL stabiliser was purchased from DuPont (UK), Galden HT 55 (Ausimont UK Ltd), 
10 k PDMS-mMA macromonomer (Aldrich), 10 k, 5 k and 2 lc PDMS-mMA/PMMA 
copolymer stabilisers were synthesised (chapter 2).
Instrum entation
nuclear magnetic resonance (NMR) spectroscopy was performed using a 
BRUKER AC 300 spectrometer operating at 300.15MHz, with deuterated chloroform 
(CDCI3) as sample solvent.
Solid-state 29Si nuclear magnetic resonance (NMR) spectroscopy was undertaken at 
University of Durham, at ambient temperature on a Varian UNITY 300 plus 
spectrometer operating at a spinning rate of 4500 Hz.
ITC nuclear magnetic resonance (NMR) spectroscopy was performed using a 
BRUKER AC 300 spectrometer operating at 75.5MHz with deuterated chloroform 
(CDCI3) as sample solvent.
4 .2 . E x p e r im e n t a l
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Solid-state 19F nuclear magnetic resonance (NMR) spectroscopy was also undertaken 
at University of Durham (Unity 300 plus instrument) , at ambient temperature using a 
5 mm F/H probe, with a direct-polarisation experiment and without ]H decoupling, 
with a spinning rate of 11000 Hz.
Scanning electron microscopy (SEM) was carried out on the Hitachi S-3200N 
microscope. The samples were mounted on an aluminium stub using an adhesive 
carbon tab and were gold-coated. Energy dispersive X-ray (EDX) analyses were 
performed on the Hitachi S-3200N microscope, with an X-ray detector . The samples 
were mounted on an aluminium stub using an adhesive carbon tab and were carbon 
coated to prevent charging under the electron beam.
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4.2.1. Washing PMMA microspheres
The preformed PMMA microspheres (viscosity 330 cm3/g, 8 micron mean diameter) 
have been obtained from Atoflna (Italy), and contained 0.5% poly (vinyl alcohol) and 
15% water. Therefore the PMMA microspheres were washed and purified.
The PMMA microspheres were very concentrated powders that needed to be diluted 
in a large amount of distilled water to get the best separation when centrifuged. First 
of all they were washed with distilled water followed by centrifugation. Each batch 
was repeated three times, washing then centrifuging. Then they were dried using a 
freeze dryer.
4.2.2. Dispersion o f  PMMA and Krvtox in scCO?
PMMA (20 wt% wrt CO2 concentration) and the stabiliser Krytox (157 FSL) (1 wt% 
wrt PMMA) were placed in the autoclave and the autoclave was sealed. A pressure of 
100 bar of N2 was added to confirm effective sealing of the autoclave is achieved, and 
then the N2 was slowly released. CO2 was added into the autoclave up to 100 bar and 
the material in the autoclave is stirred at room temperature until a constant pressure 
was reached. The heating block is switched on and fitted under the autoclave and the 
temperature and pressure was allowed to rise up to the required temperature (60°C) 
and pressure (200 bar). The duration of the process was 1 hour from the time the 
required pressure and temperature were reached.
The temperature and the pressure in the view cell are as in the autoclave, otherwise 
there might not be effective transfer of materials from the autoclave to the view cell as 
the temperature and pressure needs to be in equlibrium in both places. After an hour
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some of the material was allowed to enter the view cell by opening the valve between 
the autoclave and the view cell, and qualitative analysis of the material was 
performed. At the end of the observation the outlet tap was opened to release the 
pressure from the view cell and the autoclave. After each use of the autoclave and the 
view cell, they were carefully cleaned with dichloromethane (Aldrich).
The concentration of the PMMA was decreased to 2.5wt% (wrt CO2), as high 
concentrations of PMMA caused blockage in the apparatus. 10 k PDMS- 
mMA/PMMA stabilisers synthesised previously and the stabiliser Galden were also 
used in various concentrations for this dispersion process. Tables 4.1 and 4.2 show 
the dispersion processes that were carried out:-
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Stabiliser Stabiliser
conc.(wt%P
MMA)
PMMA
conc.(wt%
PMMA)
Pressure
(bar)
Temperature
(°C)
Duration
(hour)
Krytox 1 20.0 200 60 1 .
Krytox 1 2.5 200 60 1
Krytox 2 2.5 200 60 1
Krytox 2 2.5 200 60 2
Krytox 3 2.5 200 60 2
Krytox 0.1 2.5 200 60 1
Krytox 0.5 2,5 200 60 1
Krytox 10 2.5 200 60 1
Galden 0.1 2.5 200 60 1
Galden 0.5 2.5 200 60 1
Galden 1.0 2.5 200 60 1
Galden 10 2.5 200 60 1
Table 4.1:- Dispersion carried out in scCO? 
with stabilisers Krvtox and Galden
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Stabiliser Stabiliser
conc.(wt%
PMMA)
PMMA
conc.(wt%
PMMA)
Pressure
(bar)
Temperature
(°C)
Duration
(hour)
Cop 50 (10 k) 1 2.5 200 60 1
Cop 50 (10 k) 1 2.5 200 60 2.5
Cop 50 (10 lc) 25 2.5 200 60 1
Cop 50 (10 k) 50 2.5 200 60 2.5
Cop 50 (5 k) 25 2.5 200 60 1
Cop 50 (5 k) 50 2.5 200 60 2.5
Cop 50 (2 k) 25 2.5 200 60 1
Cop 50 (2 k) 50 2.5 200 60 2.5
Table 4.2:- Dispersion with copolymer stabilisers in scCO?
4.2.3. Dispersion o f  PMMA usins the phase equilibrium Analyser (PEA)
PMMA (27 mg, 0.05%wrt C02) was placed in the vessel, sealed and charged with 50 
bar of C02. The temperature was allowed to rise to 60°C and pressure to 200 bar. 
PMMA was stirred in the cell for one hour and monitored on the TV screen. The 
dispersion was studied at 45°C and 80°C.
This process was repeated for PMMA with different stabilisers such as Galden, 
Krytox and Cop 50 (10 k) at pressures of 200 bar and some have been repeated at 400 
bar.
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Table 4.3 shows the dispersion processes that were carried out using the PEA:-
Stabiliser Stabiliser
conc.(wt%
PMMA)
PMMA
conc.(wt%
PMMA)
Pressure
(bar)
Temperature
(°C)
Duration
(hour)
Krytox 0.1 0.05 200 60 1
0.5 200/400
1.0 200
10.0 200/400
25.0 200
50.0 200/400
100 200
Gulden 0.1 0.05 200 60 1
0.5 200/400
1.0 200
10.0 200/400
25.0 200
50.0 200/400
100 200
Cop 50 (10 k) 0.1 0.05 200 60 1
10.0 200
25.0 200
50.0 200
Cop 50 (5 k)
25.0
50.0
0.05
200
200
60 1
Cop 50 (2 k)
25.0
50.0
0.05
200
200
60 1
Table 4.3:- Dispersion carried out using the PEA
Products from both dispersion processes have been analysed by 1H, 13C, 19F, and I9Si 
NMR spectroscopies, and Energy Dispersive X-ray (EDX) analysis.
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PMMA (1.36g, 2.5% wrt CO2), AIBN (3% wrt PMMA) and PDMS-mMA (25% wrt 
PMMA) macromonomer (10 k) were placed in the autoclave and sealed. The pressure 
inside the autoclave was increased to 50 bar and the material inside the autoclave was 
stirred at room temperature until a constant pressure was reached inside the autoclave. 
The temperature was increased up to 80°C and the pressure was allowed to rise to 200 
bar. The duration of the process was two hours from the time the required pressure 
and temperature were reached. After the two hours and after the apparatus had then 
cooled to room temperature, products were taken out and extensive extractions with 
hexane were carried out to get rid of any unreacted macromonomer. The products 
were analysed by !H NMR spectroscopy.
4.2.4. M acrom onom er Grafting in CO?
Table 4.5 shows the macromonomer graftings that were carried out:-
P M M A  
(wt% of 
C02)
AIBN 
(wt% of 
PMMA)
PDMS-mMA 
Macromonomer 
(wt% of PMMA)
Pressure
(bar)
Temperature
(°C)
Stirring
Time
(hrs)
2.5 3 25
50
200 80 2
2.5 5 25
50
200 80 2
2.5 10 25
50
200 80 2
Table 4.5:- Macromonomer grafting in CO7
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Initial studies of macromonomer grafting process were carried out on the PEA at Thar 
Technologies. The same method as above was used with varying parameters as 
shown in Table 4.6:
P M M A  
(wt% of
co2)
AIBN 
(wt% of 
PMMA)
PDMS-mMA 
macromonomer 
(wt% of 
PMMA)
Pressure
(bar)
Temperature
(°C)
Stirring Time 
(hrs)
0.5 1 5 200 80 2
0.25 3 5
10
25
50
300 80 2
0.25 5 50 300 80 2
0.25 10 5
50
300 80 2
0.25 3
5
10
50
50
50
300 80 14
Table 4.6:- Macromonomer grafting in CO? using the PEA
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Re-dispersion of preformed PMMA was carried out in scCCh with various stabilisers 
such as Krytox, Galden, and with copolymer stabilisers synthesised in earlier chapter. 
These stabilisers have been used to establish the efficiency of the stabilisers to 
redisperse preformed PMMA particles in scCCh.
4.3.1. Wash ins PMMA Microsoheres
The preformed PMMA microspheres were obtained from Atofina (Italy) and washed 
and purified. The purified samples of the PMMA were analysed by Scanning 
Electron Microscopy (SEM) (Hitachi S-3200N), to detect any damage to the 
microspheres from fracturing or aggregation of particles during by centrifugation or 
freeze drying (Figure 4.3 & 4.4).
4.3.1.1. SEM investisation o f  PMMA microspheres
4 .3 . R e s u l t s  a n d  D is c u s s io n
F isure 4.3: S E M  m icrosraph o f  PM M A M icrospheres
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Figure 4.4: SEM micrograph o f  PMMA microspheres showing particle size o f 1-10 
urn diameter
The SEM investigation shows that the PMMA micospheres are not damaged by 
purification. The size of the microspheres claimed by Atofina was 8 pm in diameter 
but the SEM analysis showed a range from 1 to just over 10 pm. A bimodal 
distribution isapparent.
4.3.2. Dispersion Process o f  PMMA in scCO?
Dispersion of preformed PMMA with Krytox as the stabiliser in scCCh was carried 
out at 60°C for 1 hour, followed by the transfer of a small amount of PMMA from the 
autoclave into the view cell to observe dispersion stability.
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First 10 g of PMMA used for the dispersion process caused blockage in the apparatus, 
because when the C02 is let in to the apparatus it carries the material with it in to all 
the tubing and up to the stirrer, causing the stirrer to block immediately. It then 
becomes very difficult to vent C02 from the system because of the blockage very time 
consuming to clean the system.
To overcome this problem of blockage, the amount of PMMA used for the dispersion 
process was decreased. Although there was still some blockage taking place (because 
of the nature of the apparatus), it was much less serious.
The stabilisers Rrytox (157 FSL), Galden, and Copolymer stabilisers were used for 
this study at various concentrations, as mentioned in Table 4.1 and 4.2. The results 
for all three different concentrations were exactly the same. When the PMMA was 
transferred into the view cell from the autoclave, the outlet tap of the view cell was 
slowly opened, the PMMA powder could be seen moving around in the C02 as the 
C02 was vented from the view cell. Then the outlet tap was closed and PMMA 
powder was seen to have settled at the bottom of the view cell. This proved that the 
stabilisers were not able to re-disperse PMMA particles in scC02 at these 
concentrations.
These experiments were repeated to see if different results could be achieved but the 
results were the same every time. Some of these experiments were repeated with 
varying reaction parameters, such as increasing the pressure to 400 bar. The 
increased pressure did not make any difference to the results. The same observations 
as before were recorded.
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Copolymer stabiliser Cop 50 (10 k, 5 lc, and 2 lc) were tested for the dispersion 
process as the stabiliser contained a high concentration of siloxane. When the 
material was transferred into the view cell and CO2 was slowly vented, as before 
PMMA particles could be seen moving around in CO2. Therefore these stabilisers 
were not able to re-disperse the PMMA in SCCO2 either.
A few of the processes were repeated with increasing the duration of the process from 
one hour to two and a half hours, assuming the re-dispersion might talce place if it was 
given longer time, but unfortunately similar results were observed.
4.3.3. Dispersion usins the PEA
Using the Phase Equilibrium Analyser for the dispersion processes was a very 
interesting experience, as direct observations could be achieved while the process is 
carried out.
First, PMMA was studied in CO2 without any stabilisers, at temperatures of 45°C, 
60°C, and 80°C. At 60°C were observed PMMA particles settled at the bottom of the 
view cell to begin with and then occasionally moved around, settled back down and 
so on. At 45°C the same behaviour was observed, except the PMMA particles 
seemed much lighter and moving around freely. At 80°C the particles did not move 
around as freely as before, but seemed more agglomerated and sat at the bottom of the 
view cell. This behaviour showed that, at temperatures of 45°C and 60°C, CO2 
seemed to have a plasticising effect on the PMMA.
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The dispersion process was then repeated for PMMA with different stabilisers such as 
Krytox, Galden and Cop 50 (10 k) at various concentrations, to observe if the 
stabilisers were able to re-disperse the PMMA particles in CO2. The presence of the 
stabilisers did not seem to have any effect on the PMMA particles. Some of the 
PMMA particles were occasionally moving around in CO2 and some just sat at the 
bottom of the view cell. The same observations were recorded for all the stabilisers 
tested. The stabilisers were not able to re-disperse the PMMA particles in C02. 
However, a patent published by Johnston et a l12 describes the use of poly(propylene) 
(PPO) and butylene oxide based copolymer stabilisers to redisperse PMMA particles 
in CO2. They used PMMA particles in the range of 0.1 to 0.5 pm with 0.05wt% of 
these stabilisers, and after spraying there was no flocculation or agglomeration of the 
PMMA particles. This patent proves that redispersion of the PMMA particles in CO2 
could be achieved in the presence of stabilisers.
The products from both of these dispersion processes were analysed by *H NMR and 
29Si NMR spectroscopies for the products containing Cop 50. 13C NMR and 19F 
NMR spectroscopies were used to analyse some of the products containing Krytox 
and Galden. EDX analyses were carried out for all products.
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The NMR spectroscopy below compares the dispersion process with different 
stabilisers
4.3.4. rH  N M R analysis o f  PM M A with PD M S-m M A/PM M A
Figure 4 .5:-1H NMR svectroscovv o f  PMMA with 25% Con 50 (10 k)
Figure 4.6:- 1II NMR svectroscovv o f  PMMA with 25% Con 50 (5 k)
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Looking at the NMR analysis, from the ]H NMR spectra one can see that there is 
evidence of the presence of Si-CLU (8= 0.07) on the PMMA particles containing 
copolymer stabilisers. However, the Si-CHywas not detected on any of the other 
PMMA samples. PMMA containing 10k 0.1%, 1%, 10%, and 50% (wrt PMMA). 
PMMA samples containing 25% (wrt PMMA) of 10 k stabiliser concentration seemed 
to have coated the PMMA particles with the stabiliser. PMMA samples containing 5 
lc and 2 k stabiliser concentration of 25% and 50% (wrt PMMA) worked better than 
0.1%, 0.5%, 10%, 100% (wrt PMMA). To complement these findings 29Si NMR 
spectroscopy was carried out for these samples. 29Si NMR spectroscopy for 10 k and 
5 lc both containing 25% stabiliser concentration displays a distinct resonance at 8 = - 
22, which is assigned to the -Si(CH3)2- from the PDMS-mMA. PMMA samples 
containing 50% (wrt PMMA) of 5 lc stabiliser also displays a resonance at 8 = 7.4 
which is assigned to the -OSi(CH3)3 group. 29Si NMR spectroscopy for PMMA 
samples containing 25% and 50% (wrt PMMA) of 2 lc, displays a silicon resonance at 
approximately 8 = -22 from the -Si(CH3)2 group. To take this investigation further 
EDX analyses were carried out on these samples.
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Looking at the EDX analysis (Figures 4.8-4.12) it can be seen that PMMA particles 
treated with 25% (wrt PMMA) of 10 lc have been coated with silicon along with 25% 
of 5 k and 25% and 50% of 2 k as found in ]H NMR spectroscopy although 29Si NMR 
analyses shows some evidence of silicon on PMMA particles treated with 50% (wrt 
PMMA) of 5 lc. For all the other samples containing PDMS-mMA/PMMA, there was 
no evidence of PMMA particles being coated with silicon compounds. This proves 
that some of the stabilisers have been effective in coating the PMMA particles, 
although there was no evidence of a dispersion process taking place in the view cell. 
Looking at the EDX analyses PMMA treated with the highest molar mass stabiliser, 
25% (wrt PMMA) of 10 lc (figure 4.8) seems to show the highest peak (cps of silicon) 
on the EDX analysis.
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4.3.5. E D X  analysis o f  PM M A with PD M S-m M A/PM M A
Figure 4.8:- EDX trace o f  PMMA with 10 k 25% stabiliser
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Figure 4.9:- EDX trace o f PMMA with Con 50 (5 k) 25% stabiliser
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Figure 4.10:- EDX trace o f  PMMA with Cop 50 (5 k) 50% stabiliser
Figure 4.11:- EDX trace o f  PMMA with Cop 50 (2 k) 25% stabiliser
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Fisure 4.12:- EDX trace o f  PMMA with Coo 50 (2k) 50% stabiliser
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PMMA particles dispersed in Krytox and Galden were analysed with 13C and 19F 
NMR spectroscopies. Spectra below shows the 13C spectra of selected samples:-
4.3.6. 13 C  N M R  a n d 19F  N M R analysis o f  PM M A
~*r--- 1----r*
Figure 4.13:- 13 C NMR spectroscopy o f  pure PMMA
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F igure 4 .1 4 :-13 C  N M R spectroscopy o f  PM M A treated with 50% Krytox
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Figure 4.15:-13 C NMR spectroscopy o f  PMMA treated with 50% Galden
Looking at the 13C spectra (figures 4.13-4.15) for PMMA samples containing Krytox 
and Galden, they do not exhibit any C-F resonances; the resonances are exactly the 
same as pure PMMA. However, for 19F NMR analyses of PMMA samples with 25% 
Galden there was a very small resonance of -CF2 at 8= -122. There were no other 
significant resonances observed for any other samples with Galden. PMMA samples 
containing 25% and 50% Krytox provided similar NMR spectra. The spectra show 
resonances between 8 = -80 - -85 where singlets and multiplets exists that could 
belong to -CF-O, -CF-CF3. Resonances at 8 = -130 - -133 belong to -CF2, and the 
resonance at 8 = -144- -145 is thought to belong to the CF-CF3 containing a C02H 
group, as a group such as -CF(CF3)3 appears at a resonance of between 8 = -170 - - 
180 and C02H group is less electronegative than a CF3 group, therefore the resonance 
is shifted to around 8 = -145 18.
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4.3.7. E D X  analysis o f  PM M A particles with Krytox and Galden
PMMA samples with Krytox and Galden have also been analysed by EDX analysis 
figures 4.16 & 4.17:-
cps cps
(a) 25% Krytox
Energy (keV)
(b) 50% Krytox
Fisure 4.16:-EDX analyses o f  PMMA containins Krytox
cps
Energy (keV) 2.5
Energy (keV)
(a)25% Galden (b) 50% Galden
Fisure 4.17:-EDX analyses o f  PMMA containins salden
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EDX analyses (figure 4.16, 4.17) show that PMMA particles treated with Krytox at a 
concentration of 25% and 50% were able to coat the particles better than Galden and 
all the copolymer stabilisers. PMMA samples containing Galden did not coat the 
PMMA particles at any of the concentrations at all, which could mean that Galden 
was not effective at all for coating the PMMA particles. EDX analyses also 
complement the findings from 19F NMR analysis of PMMA samples containing 
Krytox and Galden, as discussed earlier, Krytox at 25% and 50% lead to evidence of 
the presence of fluorine as in the EDX analyses.
4.3.8. Macromonomer sraftins in scCO?
Preformed PMMA particles have been used to carry out free-radical polymerisation in 
scCCh with AIBN as an initiator and 10 lc PDMS-mMA macromonomer. AIBN is 
used to generate radicals on the CH2 backbone of the preformed PMMA onto which 
the macromonomer is grafted. The purpose of this macromonomer grafting is to 
establish whether the 10 lc PDMS-mMA macromonomer is able to graft on to a 
preformed polymer (PMMA). The products were white solid flakes, which had to 
undergo extensive extraction with hexane to remove any unreacted macromonomer. 
The products from the polymerisation wereanalysed by NMR spectroscopy.
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4.3.9. 1 H N M R  spectra o f  Polym er products
 L
10 PDM
Fisure 4.18:- 1Hspectrum o f pure PMMA
Fisure 4.19:-1H  NMR o f  products o f  macromonomer sraftins 
10% AIBN 50% PDMS-mMA
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Figure 4.20:- 1H  NMR spectrum o f  product o f macromonomer grafting 
5% AIBN 50% PDMS-mMA
The NMR spectra (Figure 4.19-4.20) of the products from macromonomer grafting in 
scC02 do not show any evidence of the presence of double bonds which could mean 
that grafting had taken place but the intensities of the double bond would be very low 
which might not have been detected. Figure 4.18 shows pure PMMA for comparison 
with spectra 4.19 and 4.20, where the proton containing silicon group (Si-Cffy) is 
detected.
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In conclusion, re-dispersion of PMMA particles in CO2 with the aid of stabilisers was 
not successful. Although the re-dispersion of PMMA was not observed through the 
view cell of the PEA, in some cases stabilisers were able to coat the PMMA particles 
with stabiliser.
NMR analysis for PMMA particles containing 25% Cop 50 (10 lc) stabiliser shows 
the proton bearing silicon (Si-CH3) (from the PDMS of the macromonomer) at 8 = 
0.07. This proton bearing silicon was also visible for PMMA containing 25% (wrt 
PMMA) Cop 50 (5 lc), 25% Cop 50 (2 k), and 50% Cop 50 (2 lc) . Silicon (29Si) NMR 
spectroscopy was carried out to further investigate these findings and detected silicon 
in some products. 29Si NMR spectroscopy for PMMA sample treated with 50% (wrt 
PMMA) Cop 50 (5 lc) also showed some evidence of the presence of silicon in the 
PMMA samples. EDX analyses were carried out to investigate the presence of silicon 
on the PMMA particles, and the analysis show that PMMA particles treated with the 
stabilisers 25% Cop 50 (10 lc), 25% Cop 50 (5 lc), 25% Cop 50 (2 lc) and 50% (wrt 
PMMA) Cop 50 (2 lc) have silicon on the particles.
The analyses for PMMA particles treated with Galden did not show any evidence of 
coating the PMMA particles, but particles treated with 25% and 50% Krytox showed 
positive results for EDX and 19F NMR analysis as they displayed evidence of fluorine 
on the PMMA particles. This suggests that some of these stabilisers coat the PMMA 
particles.
4 .4 . C o n c lu s io n
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The NMR spectra of the products from macromonomer grafting in scC02 show the 
presence of Si-CH3 resonance from the PDMS-mMA at 8 = 0.07 for polymerisations 
earned out with 3% (wrt PMMA) AIBN 25% (wrt PMMA) PDMS-mMA, 5% AIBN 
50% PDMS-mMA and 10% AIBN 50% PDMS-mMA macromonomer.
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Conclusions and Further Work 
CHAPTER 5
The use of PDMS-mMA macromonomer for synthesis of copolymer stabilisers where 
the PDMS chain had variable molar masses of 10, 5 and 2 kg has been successful.
The copolymer stabilisers were synthesised by free-radical polymerisation to form 
graft copolymers, using 1 wt% (wrt monomer) of 2,2'-azo6A(2-methylpropionitrile), 
AIBN as initiator. Poly(dimethylsiloxane) monomethacrylate (PDMS-mMA) 
macromonomers of nominal molar mass of 2, 5, and 10 k were used to synthesise the 
copolymers. PDMS-mMA macromonomer with a molar mass of 2 lc has been 
synthesised by anionic ring opening polymerisation. The concentration of 2, 5, and 
10 k macromonomers were varied from 5 wt%-50 wt% (wrt monomer) in the 
copolymers.
The free-radical copolymerisation of the PDMS-mMA macromonomer with methyl 
methacrylate (MMA) afforded graft copolymers. The appearances of the copolymers 
were small white flakes of solid, which did not display any elastomeric properties. 
The resultant copolymers and the macromonomer were characterised by nuclear 
magnetic resonance (NMR) spectroscopy, infra-red (IR) spectroscopy, Gel 
Permeation Chromatography (GPC), and elemental analyses; all consistently show the 
copolymerisation of M M A  and PDMS-mMA had taken place successfully. The % 
incorporation of the PDMS-mMA macromonomer into the copolymer chain was 
calculated using NMR spectra, which also showed evidence of the stereochemical 
course of the polymerisation which was to give syndiotactic and heterotactic 
components.
5 .1  C o n c lu s io n
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Dispersion Polymerisations (stirred and non-stirred) have been carried out using 
methyl methacrylate (MMA), AIBN 1 wt% (wrt MMA) and copolymer stabilisers 
concentration of 2 wt% and 0.5 wt% (wrt MMA) in scC02 with 10, 5, and 2 k 
stabilisers. The products from the polymerisations have been analysed by scanning 
electron microscopy (SEM) and NMR spectroscopy. The SEM micrographs show 
that the particle size vary within each product and non-stirred polymerisations with 
low stabiliser concentration (0.5 wt%) provides well defined spherical particles for 10 
k stabiliser. SEM micrographs for 5 and 2 k stabiliser the particles seemed 
agglomerated. *11 NMR spectroscopy showed the presence of the PMMA resonances 
on the polymerisation products to show that polymerisation has taken place.
The copolymer stabilisers along with commercial stabilisers Krytox 157 FSL and 
Galden HT55, were used at controlled variable concentrations to test the efficiency of 
the stabilisers to re-disperse preformed PMMA in scCCfy The products from the 
dispersion process were analysed by LH NMR and 29Si NMR spectroscopy for 
products treated with copolymer stabilisers (Cop 50) and spectra showed the presence 
of Si-CH3 (from the PDMS-mMA) for PMMA particles treated with 25% (wrt 
PMMA) of 10 k and 5 k, and 25% and 50% (wrt PMMA) of 2 k PDMS- 
mMA/PMMA stabiliser. EDX analyses for these stabilisers at these concentrations 
also showed some silicon on the PMMA particles.
Re-dispersed PMMA particles containing the stabilisers Krytox and Galden were 
analysed by 13C and 19F NMR spectroscopy and EDX analyses. 13C NMR spectra for 
PMMA samples containing Krytox and Galden did not exhibit anyfeatures assigned to 
the C-F bonds. 19F NMR spectra for PMMA samples treated with Krytox at
162
concentrations of 25% and 50% (wrt PMMA) and Galden at 25% (wrt PMMA) 
showed some of C-F features. EDX analysis for PMMA samples containing Galden 
did not show any presence of fluorine, but samples treated with Krytox at 
concentrations of 25% and 50% (wrt PMMA) did show the presence of fluorine. This 
proves that some of these stabilisers coat the PMMA particles.
Macromonomer grafting was earned out in scC02 with preformed PMMA particles 
with AIBN as an initiator and using 10 k PDMS-mMA macromonomer to see if the 
macromonomer can be grafted on to the preformed PMMA. !Ii NMR analyses was 
carried out to analyse the products from this process. lH NMR spectra from these 
products show a Si-CH^  resonance from the PDMS-mMA at 8 = 0.07 for 
polymerisations carried out with 3% (wrt PMMA) AIBN 25% (wrt PMMA) PDMS- 
m MA macromonomer, 5% AIBN 50% PDMS-mMA and 10% AIBN 50% PDMS- 
m M A  macromonomer. This proves that macromonomer grafting can take place on 
preformed PMMA with selected concentrations of macromonomer and initiator.
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There have been many areas which could not be further investigated in the time of a 
research degree. These areas could enhance the work carried out so far.
The experiments carried out for polymerisations in scC02 using the copolymer, 
stabilisers were done at a pressure of 200 bar. A pressure of 400 bar was attempted 
but could not be achieved because of a leak in the apparatus which could not be fixed. 
A pressure of 400 bar could be tried which could enhance the polymerisation process.
Macromonomer grafting of preformed PMMA with PDMS-mMA macromonomer 
could be carried out with an increased reaction time that could improve the chance of 
more complete grafting on to the preformed polymer.
The stabilisers that proved to be effective in coating the PMMA particles could be 
used further for spraying using the UNICARB apparatus, which would mix the 
stabilisers and polymers in C02 and spray. At the time of writing it had so far proved 
impossible to bring the UNICARB into full operation.
Other types of stabiliser, such as methyl methacrylate-siloxane block copolymers, 
could be synthesised by group transfer polymerisation (GTP) to investigate re­
dispersion of preformed PMMA in scC02 and also to carry out polymerisations in 
seC02 to compare with the stabilisers already used.
6 .2 . F u t u r e  W o r k
